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Roosting Ecology of Bats in a Disturbed Landscape 
 
Joshua B. Johnson 
 
 
Increased attention has focused recently on the conservation and management of bats 
because of their important ecological roles as nocturnal insectivores and as possible bio-indicator 
species. Worldwide, many bat species have experienced dramatic population declines attributed 
to numerous anthropogenic environmental changes such as conversion of forests to agricultural 
or residential uses, and water pollution. In the eastern United States, efforts to promote species 
recovery largely have focused on protection of hibernacula, which has led to increases in 
populations of several endangered species. Although protection of hibernacula is undoubtedly 
important, the full range of habitats used seasonally must be taken into account when considering 
effective conservation and management strategies. Unfortunately, recovery plans often simply 
rely on the paradigm of habitat preservation or passive management, rather than proactive 
attempts at habitat enhancement through modification and management. Indeed, active habitat 
management may be a more effective means by which to encourage recovery of bat species. 
 Throughout the Appalachian Mountains and Central Hardwoods forest regions, 
insufficient retention and/or regeneration of hard-mast producing oaks (Quercus spp.) and 
hickories (Carya spp.) in both managed and unmanaged forest stands is a major concern of forest 
and wildlife managers. Oak regeneration can benefit from a combination of prescribed fire and 
forest canopy alteration. Following decades of fire suppression in eastern forests, using 
prescribed fire as a tool to restore or enhance oak-dominated communities is gaining widespread 
acceptance in the Appalachian Mountains and elsewhere. In addition to fire, overstory thinning 
by tree removal, girdling, or herbiciding of competitors, can augment oak seedling initiation and 
survival through reduced competition and increased canopy openness. These methods could 
increase snag abundance that in turn could benefit snag-dependent wildlife species, including 
bats. The potential of using prescribed fire to create suitable roost conditions, in either live trees 
or snags, for bats, largely is an unexplored, but a potentially contributory area of research.  
For tree-roosting bats, fire can enhance roosting habitat by creating snags and increasing 
solar radiation at existing roosts. In 2007 and 2008, I examined roost selection of forest-interior 
dwelling northern myotis (Myotis septentrionalis) maternity colonies in stands treated with 
prescribed fire (hereafter, fire) and in unburned (hereafter, control) stands on the Fernow 
Experimental Forest, West Virginia. Using radio telemetry, I tracked 36 female northern myotis 
to 69 roost trees; 25 in the fire treatment and 44 in the control treatment. Using logistic 
regression and an information-theoretic model selection approach, I determined that within the 
fire treatment, northern myotis maternity colonies were more likely to use cavity trees that were 
smaller in diameter, higher in crown class, and located in stands with lower basal area, gentler 
slopes, and higher percentage of fire-killed stems than random trees. Moreover, roosts often were 
surrounded by trees that were in the upper crown classes. In the control treatment, northern 
myotis were more likely to roost nearer the tops of larger diameter cavity trees in early stages of 
decay that were surrounded by decaying trees in the upper crown classes than random trees. 
Roost trees in the fire treatment were associated with larger overall canopy gaps than roost trees 





in black locust (Robinia pseudoacacia) in greater proportion than its availability. Ambient 
temperatures recorded at a subset of roost trees in fire and control treatments indicated that daily 
minimum temperatures were similar, but daily mean and maximum temperatures were higher in 
the fire treatments, possibly due to larger canopy gaps created by the senescence and decay of 
the surrounding fire-killed overstory trees. Northern myotis roost-switching frequency, distance 
between successive roosts, and duration of individual roost tree use were similar between the fire 
and control treatments, suggesting similar roost tree availability despite a significantly higher 
proportion of potential roost trees in the fire treatment. Northern myotis readily exploited 
alterations to forest structure created by the reintroduction of fire, which accelerated snag 
creation and enlarged existing or created new canopy gaps, but it remains to be determined if 
these conditions translate into increased recruitment and survivorship.  
The influences of reproductive status, weather, and roost tree characteristics on timing of 
emergence, intra-night activity, and entrance of northern myotis at their diurnal roost trees 
largely is unknown. I examined nocturnal activity patterns of northern myotis maternity colonies 
during pregnancy and lactation at diurnal roost trees situated in areas that were and were not 
subjected to recent prescribed fires at the Fernow Experimental Forest, West Virginia from 2007 
to 2009. Data recorded from exit counts and acoustic sampling suggested that northern myotis 
colony sizes were similar between reproductive periods and roost tree settings. However, intra-
night activity patterns differed slightly between reproductive periods and roost trees in burned 
and non-burned areas. Weather variables poorly explained variation in activity patterns during 
pregnancy, but precipitation and temperature were negatively associated with activity patterns 
during lactation. 
Throughout the world, maternity groups of bats are known to conform to fission-fusion 
models; and the movements among roost trees of individual bats belonging to these non-
randomly assorting groups form networks of roost trees. That these roost networks may exist as 
scale-free networks where a central node roost tree is connected more highly to other roost trees 
suggests a relative importance among roost trees to bat maternity colonies. Also, forest 
disturbances such as prescribed fire may alter roost networks and characteristics of roost trees 
and central node roost trees. At the Fernow Experimental Forest in West Virginia, I examined 
roost networks of northern myotis in forest stands subjected to prescribed fire and those that 
were not in 2007–2009. I determined that northern myotis did conform to fission-fusion models, 
forming social groups whose roost areas and roost networks overlapped to some extent. Roost 
networks largely resembled scale-free network models, 61% of which had single identifiable 
central node roost trees on which the remainder of the roost trees in the network centered. In 
control, i.e., unburned, treatments, central node roost trees were in early stages of decay and 
surrounded by higher basal area than other trees within the networks. In prescribed fire 
treatments, central node roost trees were smaller in diameter, lower in the forest canopy, and 
surrounded by lower basal area than other trees in the networks. Compared to central node roost 
trees in control treatments, those in prescribed fire treatments had higher amounts of bark 
coverage. My results indicate that northern myotis form social groups that roost in networks of 
trees that center on a central node roost tree that is selected based on surrounding basal area and 
decay stage. Forest disturbances such as prescribed fire may result in changes to roost networks 
through inputs in suitable roost trees by senescence and creation of forest canopy gaps.  
 Forest disturbances, particularly permanent land use conversions, may fragment, isolate, 
and concentrate summer populations of philopatric bats, potentially resulting in genetically 





regardless of forest disturbances and other land use conversions. I examined genetic structuring 
of the forest-interior dwelling northern myotis at multiple spatial scales, from watershed to 
regional, in West Virginia and New York. I genotyped microsatellites at 18 nuclear loci from 
174 individuals. In many cases, loci in subpopulations that I defined a priori based on spatial 
attributes departed from Hardy-Weinberg equilibrium; those loci that were in equilibrium were 
inconsistent at differentiating subpopulations based on spatial scale. My results indicate that 
some level of genetic structuring is evident among northern myotis, but this structuring could not 
be attributed solely to geographic location. It is likely that the ability to migrate relatively long 
distances, exploit small forest patches, and use networks of swarming sites located throughout 
the Appalachian Mountain range has allowed northern myotis to maintain high gene flow 
regardless of forest disturbances resulting in habitat patchiness at local and regional spatial 
scales. 
Understanding the management impact, positive or negative, of prescribed fire on 
endangered Indiana myotis (Myotis sodalis) roosting habitat is of paramount interest to resource 
managers in the Appalachian Mountains and elsewhere. From 2001 to 2009, we examined roost 
selection of Indiana myotis in burned and unburned forests in Tucker County, West Virginia. We 
radio-tracked 16 male and 1 female Indiana myotis to 54 roost trees; 17 in burned stands and 37 
in unburned stands. In burned stands, Indiana myotis roosted exclusively in fire-killed maples 
(Acer spp.). In unburned stands, they roosted in live hickories, oaks, and maples. Roost trees in 
burned stands were surrounded by lower basal area and by trees in advanced stages of decay with 
larger canopy gaps than at randomly-located potential roost trees in burned stands or actual roost 
trees located in unburned stands. Compared to randomly-located potential roosts in unburned 
stands, roost trees in unburned stands were less decayed, had higher percent bark coverage, and 
were surrounded by lower basal area, also resulting in larger canopy gaps. Roost-switching 
frequency and distances moved by Indiana myotis among roost trees were similar between 
burned and unburned stands. Indiana myotis roosted in stands that had initially been burned 1–3 
years prior to our observations. Our research indicates that use of fire for forest management 
purposes, at minimum provoked no response from Indiana myotis in terms of roost tree selection, 
but rather created additional roost resources, suggesting prescribed fire can be an effective 
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An introduction to and review of bat roosting ecology in disturbed landscapes 
Much recent attention has focused on the conservation and management of bats because 
of their important ecological roles as nocturnal insectivores and as possible bio-indicator species 
(Fenton 2003, Miller et al. 2003). Worldwide, bats have experienced both real and perceived 
population declines attributed to numerous anthropogenic environmental changes (e.g., 
conversion of forests to agricultural or residential uses) and degradation (e.g., water pollution) 
(Fenton 1997, Pierson 1998, O’Shea et al. 2003). In temperate portions of the eastern United 
States, three bat species are federally listed as endangered, and several others are species of 
concern due to population declines (Harvey et al. 1999). Causes for these population declines 
include human disturbance of hibernacula, environmental pollution, and loss of summer habitat 
(i.e., forests) (Tuttle 1979, Pierson 1998, Fenton 2003). In the East, efforts to promote species 
recovery have largely focused on protection of hibernacula, which has led to increases in 
populations of gray myotis (Myotis grisescens), Indiana myotis (M. sodalis), and Virginia big-
eared bats (Corynorhinus townsendii virginianus) (Clawson 2002, Martin et al. 2003, USFWS 
2007). Although protection of hibernacula is undoubtedly important, the full range of habitats 
used by bats during all seasons must be taken into account when considering conservation and 
management strategies to ensure the perpetuation of a species, at least in the near term. 
Unfortunately, recovery plans often simply rely on the paradigm of habitat preservation or 
passive management, rather than proactive attempts at habitat enhancement through modification 
and management (USFWS 2007). Indeed, active habitat management may be a more effective 





 In recent decades, numerous studies have investigated bat habitat relations, many of 
which focused on the effects of forest management practices on roosting and foraging ecology of 
bats (Miller et al. 2003). Various intensities of forest harvesting methods, from single-tree 
selection to clearcutting, produce disturbances to forest structure that can affect the roosting and 
foraging behavior of bats (Owen et al. 2004). Moreover, disturbance intensities vary spatially 
across the landscape, creating a spatiotemporally heterogeneous mosaic of forest structure or 
conditions from which bats select roost sites and foraging areas (Andrén 1994, Tang et al. 1997, 
Turner et al. 2001, Owen et al. 2004, Ford et al. 2005, Perry et al. 2007). Although the majority 
of bat ecology studies have focused on recent anthropogenic forest disturbances, the nature of 
these disturbances is not unique to the post-European settlement timeframe (Lorimer 2001). 
Indeed, natural disturbances such as tree/stand windthrow, or pyrogenic and agricultural activity 
of Native Americans played large roles in shaping pre-colonial settlement forests (Lorimer 2001, 
Dyer 2006). Although the significance of the impacts that Native Americans had on pre-colonial 
forests is debatable (Russell 1983), the consensus is that they had considerable influence on 
forest structure and succession through clearing for cultivation of crops and setting fires to drive 
game and clear understories that in effect managed forest conditions to facilitate hunting and to 
increase soft mast production (Day 1953, Delcourt and Delcourt 1997, Nowacki and Abrams 
2008).  
 In the Central Appalachian Mountains region, major disturbances have occurred since 
European settlement, including widespread timber harvesting (often exploitative clearcutting), 
burning, both intentional and uncontrolled wildfires, and other stressors such as Chestnut blight 
(Cryphonectria parasitica) from the late 1800s to the early 1900s. These factors, in concert with 





(Quercus spp.)-dominated forest, but also likely created periodic disturbances to the forest 
canopy that allowed shade-intermediate and shade-intolerant species to become established in 
the understory during this gap phase in the forest growth cycle (Yamamoto, 1992; Schuler and 
Fajvan 1999, Shumway et al. 2001). Fire-suppression efforts, beginning 15–30 years subsequent 
to the widespread forest harvesting and continuing through the present, resulted in a gradual shift 
in forest species composition towards more shade-tolerant species, an unprecedented scenario 
brought on by the lack of disturbance (Schuler and Fajvan 1999, Hutchinson et al. 2008, 
Nowacki and Abrams 2008). 
Undoubtedly, since the early Holocene epoch, bats in North America evolved to adapt to 
these disturbances that have varied in intensity, frequency, and scale. These adaptations, 
behavioral and morphological, exist in bat communities today, as species differ in their roosting 
and foraging behaviors. These differences are both inherited and dictated by morphological 
characteristics such as echolocation and wing morphology (Aldridge and Rautenbach 1987, 
Lewis 1995, Ford et al. 2005). Moreover, social interactions in the form of colonial or solitary 
roosting behaviors and mating systems may be influenced partly by the ephemerality and spatial 
distribution of habitat (Emlen 1994, Lewis 1995, Burland and Worthington Wilmer 2001, Kerth 
2008). 
 Although the ecological niche occupied by bats in the eastern United States is 
predominately that of nocturnal insectivores, life histories among species vary in terms of 
roosting, foraging, and mating behaviors (Barbour and Davis 1969, Harvey et al. 1999). The 
majority of bat species in the eastern United States roost in trees, either among live canopy 
foliage or in cavities or under exfoliating bark of live and dead trees. Moreover, bat species 





forested areas according to echolocation and morphological characteristics (Aldridge and 
Rautenbach 1987, Owen et al. 2004, Ford et al. 2005). Therefore, forest disturbances, either 
natural or anthropogenic, can alter the availability and distribution of resources with a 
subsequent reordering of the bat community (Brooks and Ford 2006).  
Recent research suggests that in the eastern United States some degree of forest 
harvesting is tolerated by bats, and may even be favorable for certain species, provided that an 
adequate number of roost trees is retained (Owen et al. 2004, Ford et al. 2005, Perry and Thill 
2007). However, relatively few studies have examined the effects of various forest harvesting 
regimes on roost selection of bats compared to those investigating foraging habitat selection in 
partially-harvested or intact forest stands (Sedgeley and O’Donnell 1999, Menzel et al. 2002, 
Miller et al. 2003, Ford et al. 2005). Limited knowledge of the effects of various forest 
management practices on availability and selection of roost trees impairs conservation and 
management decisions regarding bat use. 
 Throughout the Appalachian Mountains and Central Hardwoods forest regions, 
insufficient retention and/or regeneration of hard-mast producing oaks and hickories (Carya 
spp.) in managed and unmanaged forest stands are a major concern of forest and wildlife 
managers. The failure to adequately maintain oak has been attributed in part to fire suppression 
and uneven-age management practices that favor shade-tolerant tree species such as maples 
(Acer spp.) (Clark 1993, Schuler and Fajvan 1999, Brose et al. 2001, Schuler 2004, Nowacki and 
Abrams 2008). Oak regeneration can benefit from a combination of prescribed fire and forest 
canopy alteration. Following decades of fire suppression in eastern forests, using prescribed fire 
as a tool to restore or enhance oak-dominated communities is gaining widespread acceptance in 





removal, girdling, or herbiciding of competitors, can augment oak seedling initiation and 
survival through reduced competition and increased canopy openness (Miller 1993, Brose et al. 
1999, Brose et al. 2001). These methods would increase snag abundance that in turn would favor 
snag-dependent wildlife species, including bats (Brose et al. 2001, Hallett et al. 2001, Albrecht 
and McCarthy 2006, Boyles and Aubrey 2006). Prescribed fire is within the accepted 
management prescriptions for many wildlife species (Kepler et al. 1996, Tucker et al. 2004, 
Blake 2005, Thatcher et al. 2006); however, the potential of using prescribed fire to create 
suitable roost conditions, in either live trees or snags, for bats is a largely unexplored topic, but a 
potentially valuable area of research (Leput 2004, Boyles and Aubrey 2006, Loeb and Waldrop 
2008). Based on observational data, both Carter (2006) and Keyser and Ford (2006) 
hypothesized that periodic fire as a forest disturbance agent may have historically created a 
shifting mosaic of suitable roosting habitat for the disturbance-dependent Indiana myotis in 
upland forests of the eastern United States. Indeed, the heterogeneous patches of forest that 
remain after a fire event are a result of differing fire intensity within a burned area (Turner et al. 
1994). Although fire may reduce the longevity or utility of individual roost trees in terms of bat 
use, it also kills or scars other trees, creating suitable roosting structures in the form of loose bark 
and cavities (Smith and Sutherland 1999, Russell et al. 2006); fire is a dynamic factor in forest 
ecosystems (Nowacki and Abrams 2008). Moreover, fire-killed trees leave gaps in the forest 
canopy, increasing the amount of solar radiation reaching the subcanopy stratum, i.e., lower tree 
limbs and boles, where bats are roosting (Menzel et al. 2001). Increased solar radiation may be a 
preferred characteristic of bat roost sites, as warmer temperatures facilitate more rapid 
development of neonates (Sedgeley 2001, Boyles and Aubrey 2006, Lausen and Barclay 2006). 





roosting bats, including the hoary bat (Lasiurus cinereus) and eastern red bat (L. borealis), but 
this remains unexamined. Forest management practices attempting to increase the oak 
component in forest communities may inadvertently be a proactive and effective bat habitat 
enhancement technique that increases the number of suitable roost trees for cavity- and 
exfoliating bark-roosting bats (Boyles and Aubrey 2006, Keyser and Ford 2006).  
The purpose of my research was to investigate bat roosting ecology in relation to forest 
management practices, including prescribed fire. Research examining the effects of prescribed 
fire on various aspects of bat ecology is in its infancy, but has merit in that it will lead to a better 
understanding of the patterns and processes of bat ecology in the broader context of disturbances 
and landscape ecology as a whole (Turner et al. 2001, Boyles and Aubrey 2006, Keyser and Ford 
2006, Guldin et al. 2007, Loeb and Waldrop 2008). 
Objectives 
The specific research objectives of my research were to:  
1) Determine roost selection of female northern myotis in forests subjected to prescribed 
fire compared to selection in unburned forests.  
2) Examine night-roosting activity of female northern myotis during the maternity 
season. 
3) Determine if northern myotis exhibit non-random, day-roosting association patterns, 
and examine the characteristics and topology of day roosts from a graph theoretic 
approach. 
4) Determine genetic relatedness of northern myotis groups at multiple spatial scales.  
5) Examine roost selection of Indiana myotis in forests subjected to prescribed and wild 
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Following decades of fire suppression in eastern forests, prescribed fire as a tool to 
restore or enhance oak (Quercus spp.)-dominated communities is gaining widespread acceptance 
in the Appalachian Mountains and elsewhere. However, the interactions of fire with biotic 
components such as wildlife that might be impacted by prescribed fire are poorly documented. 
For tree-roosting bats, fire can enhance roosting habitat by creating snags and increasing solar 
radiation at existing roosts. In 2007 and 2008, we examined roost selection of forest-interior 
dwelling northern myotis (Myotis septentrionalis) maternity colonies in stands treated with 
prescribed fire (hereafter, fire) and in unburned (hereafter, control) stands on the Fernow 
Experimental Forest, West Virginia. Using radio telemetry, we tracked 36 female northern 
myotis to 69 roost trees; 25 in the fire treatment and 44 in the control treatment. Using logistic 
regression and an information-theoretic model selection approach, we determined that within the 
fire treatment, northern myotis maternity colonies were more likely to use cavity trees that were 
smaller in diameter, higher in crown class, and located in stands with lower basal area, gentler 
slopes, and higher percentage of fire-killed stems than random trees. Moreover, roosts often were 
surrounded by trees that were in the upper crown classes. In the control treatment, northern 
myotis were more likely to roost nearer the tops of larger diameter cavity trees in early stages of 
decay that were surrounded by decaying trees in the upper crown classes than random trees. 
Roost trees in the fire treatment were associated with larger overall canopy gaps than roost trees 
within the control treatment. Regardless of treatment, northern myotis maternity colonies roosted 
in black locust (Robinia pseudoacacia) in greater proportion than its availability. Ambient 
temperatures recorded at a subset of roost trees in fire and control treatments indicated that daily 





the fire treatments, possibly due to larger canopy gaps created by the senescence and decay of 
the surrounding fire-killed overstory trees. Northern myotis roost-switching frequency, distance 
between successive roosts, and duration of individual roost tree use were similar between the fire 
and control treatments, suggesting similar roost tree availability despite a significantly higher 
proportion of potential roost trees in the fire treatment. Northern myotis readily exploited 
alterations to forest structure created by the reintroduction of fire, which accelerated snag 
creation and enlarged existing or created new canopy gaps, but it remains to be determined if 
these conditions translate into increased recruitment and survivorship.  
Keywords: bats, northern myotis, Myotis septentrionalis, prescribed fire, roost selection, West 
Virginia  
1. Introduction 
 Over the past decade, numerous studies investigating the interactions of bat roosting and 
foraging ecology with forest management practices have been conducted in forested landscapes 
of the eastern United States (Miller et al., 2003). Results therein suggest that in the eastern 
United States, some level of forest harvesting is tolerated by bats, and may even increase 
foraging opportunities for certain species by reducing structural clutter, provided that adequate 
numbers of roost trees are retained (Owen et al., 2002; 2004; Ford et al., 2005; Perry and Thill, 
2007). The reintroduction of prescribed fire as an intermediate or periodic disturbance agent into 
forest management options may impact roost tree selection by bats through changes in spatial 
and temporal roost availability, and in the structure of the forest, but its impacts remain largely 
unexamined (Brose et al., 2001; Boyles and Aubrey, 2006). Limited knowledge of the effects of 
prescribed fire on availability of roost trees and selection by bats impairs conservation and 





 Throughout the Appalachian Mountains and Central Hardwoods forest regions, 
insufficient retention and/or regeneration of hard-mast producing species such as oaks (Quercus 
spp.) and hickories (Carya spp.) in managed and unmanaged forest stands are a major concern of 
forest and wildlife managers. This failure to adequately maintain oak has been attributed in part 
to fire suppression and uneven-aged management practices that favor shade-tolerant tree species 
such as maples (Acer spp.) (Clark, 1993; Schuler and Fajvan, 1999; Brose et al., 2001; Schuler, 
2004; Nowacki and Abrams, 2008). Oak retention and regeneration can benefit from a 
combination of prescribed fire and forest canopy thinning by selected removal, girdling, or 
herbicide of competitors, to augment oak seedling initiation and survival through reduced 
competition and increased canopy openness (Miller, 1993; Brose et al., 1999; 2001). These 
methods potentially could result in a net increase in snag abundance that in turn could favor 
snag-dependent wildlife species, including bats (Brose et al., 2001; Hallett et al., 2001; Albrecht 
and McCarthy, 2006; Boyles and Aubrey, 2006). Prescribed fire is within the management 
prescriptions for many wildlife species (Kepler et al., 1996; Brennan et al., 1998; Tucker et al., 
2004; Blake, 2005; Thatcher et al., 2006); however, using prescribed fire to create suitable roost 
conditions, in either live trees or snags, for bats is a largely unexplored, but a potentially valuable 
area of research (Leput 2004, Boyles and Aubrey 2006, Loeb and Waldrop 2008).  Based on 
observational data, both Carter (2006) and Keyser and Ford (2006) hypothesized that periodic 
fire as a forest disturbance may have historically created a shifting mosaic of suitable roosting 
habitat for the disturbance-related endangered Indiana myotis (Myotis sodalis) in upland forests 
of the eastern United States. The heterogeneous patches of forest that remain after a fire event 
can be attributed to differing fire intensity within a burned area (Turner et al., 1994). Although 





scars other trees, creating suitable roosting structures in the form of loose bark and cavities 
(Smith and Sutherland, 1999; Russell et al., 2006). Moreover, fire-killed trees leave gaps in the 
forest canopy, increasing the amount of solar radiation reaching the subcanopy, i.e., lower tree 
limbs and boles, where bats roost (Menzel et al., 2001). Increased solar radiation may be a 
preferred characteristic of bat roost sites, as warmer temperatures facilitate more rapid 
development of neonates (Sedgeley, 2001; Boyles and Aubrey, 2006; Lausen and Barclay, 
2006). However, loss of foliage from fire-killed trees could reduce the roosting opportunities for 
foliage-roosting bats, including the hoary bat (Lasiurus cinereus) and eastern red bat (L. 
borealis). Forest management practices attempting to increase the oak component in forest 
communities may inadvertently be a proactive bat habitat enhancement technique that increases 
the number of suitable roost trees for cavity- and exfoliating bark-roosting bats (Boyles and 
Aubrey, 2006; Keyser and Ford, 2006).  
Northern myotis (northern long-eared bat; Myotis septentrionalis) is one of the most 
common bat species in eastern North America, particularly in the Appalachian Mountains, and is 
a forest-roosting and foraging obligate species in most areas (Barbour and Davis, 1969; Caceres 
and Barclay, 2000; Ford et al., 2005; Chapman, 2007). Females form maternity colonies of <100 
individuals, roosting in cavities in snags or under exfoliating bark of live or dead trees (Sasse and 
Pekins, 1996; Foster and Kurta, 1999; Menzel et al., 2002a; Owen et al., 2002). Although many 
hardwood tree species are used as roost trees, research in the Central Appalachian Mountains has 
shown that male and female northern myotis selectively roost in black locust (Robinia 
pseudoacacia), a rot-resistant, long-lasting species that remains suitable as a roost for many 
years, thereby promoting philopatry (Lewis, 1995; Menzel et al., 2002a; Owen et al., 2002; Ford 





including fire, and its association with snag dynamics and bat-roost selection remains to be 
investigated. Although northern myotis maternity roost trees are found in relatively closed-
canopy forests, forest manipulation in the form of snag creation, thinning, or patch clearcutting 
that promotes recruitment of black locust into the subsequent stand, may be tolerated by and 
augment roosting conditions for northern myotis in the long-term (Sasse and Pekins, 1996; 
Foster and Kurta, 1999; Cryan et al., 2001; Menzel et al., 2002a; Carter and Feldhamer, 2005; 
Ford et al., 2006b; Perry and Thill, 2007). The condition, e.g., decay stage, of trees immediately 
surrounding roost trees, as well as the presence of canopy gaps, also are factors in selection by 
northern myotis (Cryan et al., 2001; Menzel et al., 2002a; Carter and Feldhamer, 2005; Perry and 
Thill, 2007; Perry et al., 2007). For northern myotis, the use of prescribed fire to promote oak in 
forest stands can create snags or modify stand structure, improving existing roost availability or 
conditions in the near-term, as well as inadvertently promote the establishment of species such as 
black locust. Whether prescribed fire enhances roost habitat in the longer-term, remains 
speculative (Leput, 2004; Boyles and Aubrey, 2006). Moreover, it is unclear if northern myotis 
maternity roost tree availability is a resource that is lacking, and if so can possibly be remedied 
through proactive forest management strategies, including prescribed fire. Roost tree availability 
in disturbed and undisturbed forests can be evaluated by examining the roost tree switching 
behavior of bats (Chaverri et al., 2007). 
 Whether or not the availability of roost trees, i.e., their frequency of occurrence or 
distance between trees, has an influence on roost switching behavior such as frequency or 
distance between roosts has not been well quantified, particularly for bat species of eastern North 
America (Wilkinson, 1985; Crampton and Barclay, 1998; O’Donnell and Sedgeley, 1999; Kunz 





speculative, but undoubtedly include reduced predation risks, parasite loads, distance to foraging 
areas, or more favorable roost microenvironment (Wilkinson, 1985; Lewis, 1995; O’Donnell and 
Sedgeley, 1999; Kunz and Lumsden, 2003). Non-random selection of roosts, roost switching 
frequency and distance traveled between successive roosts are indicators of roost availability 
(Sedgeley and O’Donnell, 1999; Chaverri et al., 2007). Throughout much of their range, female 
northern myotis typically switch roost trees every 1–5 days and may travel up to ~2 km between 
successive roost trees, but roosts are commonly clustered in small (<20 ha) areas (Foster and 
Kurta, 1999; Menzel et al., 2002a; Carter and Feldhamer, 2005; Broders et al., 2006; Perry and 
Thill, 2007). How these facets of northern myotis natural history change in forests subjected to 
prescribed fire is unknown.  
The primary objective of our study was to compare roost selection of northern myotis 
maternity colonies in forest stands subjected to prescribed fire (hereafter, fire) and in unburned 
(hereafter, control) stands in the Central Appalachian Mountains by analyzing physical 
characteristics of roost trees and potential roost trees. We predicted that northern myotis would 
select roost trees within forest gaps created by prescribed fires. Secondarily, we also examined 
roost abundance and availability by comparing frequency of roost switching and distances 
traveled between successive roosts located in fire and control treatments. We predicted that 
roost-switching frequency would be higher and distances travelled shorter in forest stands 
subjected to prescribed fire. 
2. Methods 
2.1. Study area 
We conducted our research at the Fernow Experimental Forest (FEF) in Tucker County, 





Service, Northern Research Station, and is located in the Unglaciated Allegheny Mountains 
subsection of the Appalachian Plateau Physiographic Province (Kochenderfer et al., 2007). 
Elevations range from 530 to 1,100 m. Elklick Run, a 2.4-km fourth-order stream, roughly 
bisects FEF east to west. Approximately 5.5 km of dendritic intermittent and permanent streams 
feed into Elklick Run and incise the steep slopes and plateau-like ridgetops, providing all 
possible slope aspects (Madarish et al., 2002). Mean annual precipitation at FEF is 145.8 cm, 
ranging from 9.7 cm in October to 14.4 cm in June.  Mean annual temperature is 9.2º C, ranging 
from –18.0º C in January to 20.6º C in July (Kochenderfer, 2006). Vegetation at the FEF is a 
mosaic of second- and third-growth, mixed-mesophytic and northern hardwood forest that has 
been managed by even (patch clearcut,)- and uneven (single-tree selection)-aged silviculture 
since the mid-20th century, or has been left undisturbed following initial harvesting in the Elklick 
watershed from 1903 to 1911 (Schuler and Fajvan, 1999). Although American chestnut 
(Castanea dentata) and oak species, such as northern red oak (Q. rubra), historically dominated 
the forest overstory, the chestnut blight (Cryphonectria parasitica) and subsequent lack of 
intense disturbance, including fire and clearcutting, since the mid-20th century has allowed forest 
composition to shift toward shade-tolerant tree species, such as maples and American beech 
(Fagus grandifolia) (Schuler and Fajvan, 1999; Schuler, 2004). Prescribed fire has recently been 
used to promote oak regeneration in the forest that is currently dominated by sugar maple (A. 
saccharum), red maple (A. rubrum), yellow-poplar (Liriodendron tulipifera), black cherry 
(Prunus serotina), American beech, sweet birch (Betula lenta), and basswood (Tilia americana) 
(Schuler, 2004). In April or May (depending on management compartment) 2007 and 2008, 
prescribed fire treatments were conducted in management compartments 45 (121ha), 13 (13ha), 





during each treatment using a strip head fire technique, ignited with hand-held drip torches after 
fire-blackened perimeters were established. Actual flame heights and combustion varied from 
dying out to >3.5 m high in some spots, due to variability in leaf litter, slope, and aspect. 
Additionally, 48, 20-m radius plots were randomly located in each of the three management 
compartments, and all overstory or midstory trees, other than oak or hickory, were herbicided or 
girdled (T. Schuler, USDA Forest Service, personal communication).   
 From spring through autumn, the bat community at FEF is comprised of northern myotis, 
little brown myotis (M. lucifugus), big brown bats (Eptesicus fuscus), eastern pipistrelle 
(Pipistrellus subflavus), eastern red bats, silver-haired bats (Lasionycteris noctivagans), and 
hoary bats (Owen et al. 2004, Ford et al. 2005). A small number of male Indiana myotis and 
Virginia big-eared bats (Corynorhinus townsendii virginianus) that hibernate in Big Springs 
Cave in the central portion of the FEF remained in the area during summer (Ford et al., 2002). 
2.2. Radio telemetry  
To capture bats, we erected mist nets (Avinet, Inc., Dryden, New York) over stream 
corridors, small pools, skidder trails, and service roads from May to August 2007 and 2008. Mist 
netting sites were located within the fire treatment and control treatment. We considered the 
control treatment to be any area outside the three management compartments where prescribed 
fires were used. Mist netting was conducted <5 hours following sunset, unless prevented by 
periods of rain, wind ≥20 kph, or temperatures <10° C as these conditions can influence bat 
activity levels (Erickson and West, 2002). For each captured bat, we determined species, sex, 
age, weight, forearm length, and reproductive condition (Menzel et al., 2002b). We used Skin 
Bond® (Smith and Nephew, Largo, Florida) surgical cement to affix a 0.35-g radio transmitter 





female northern myotis. Bat capture and handling protocols were approved by the Animal Care 
and Use Committee of West Virginia University (Protocol No. 08-0504) and followed the 
guidelines of the American Society of Mammalogists (ACUC, 1998). We used a radio receiver 
and 3-element Yagi antenna (Wildlife Materials, Inc., Murphysboro, Illinois) to locate roost 
trees. To record roost tree locations within 10 m of their true geographic location, we used a 
Garmin GPSmap 60CSx global positioning unit. 
2.3. Habitat variables  
In ArcMap (Version 9.2, Environmental Systems Research Institute, Redlands, 
California), we used the Zonal Statistics tool in Spatial Analyst to determine the elevation of 
each roost tree and the median elevation of watersheds where each roost tree was located. 
Watersheds were delineated from a 3-m resolution digital elevation model with the watershed 
tool in Spatial Analyst using a 45-ha minimum threshold. We used a 1-sample median test to 
determine if roost trees were randomly located along the elevation gradient (Conover, 1999).  
We measured characteristics of each roost tree, the 4 trees (>10 cm dbh) nearest to the 
roost tree, and the site at which the roost tree was located. For each roost tree, we determined 
tree species, diameter (cm) at breast height with a diameter (dbh) tape (DBHR), decay class 
(Cline et al., 1980; i.e., 1 =  live, 2 = declining, 3 = recent dead, 4 = loose bark, 5 = no bark, 6 = 
broken top, 7 = broken bole; DECAYR), crown class (Nyland 1996; i.e., 1 = suppressed, 2 = 
intermediate, 3 = codominant, 4 = dominant; CROWNR), tree height (m) with a hypsometer 
(HEIGHT), roost height when known (ROOSTHGHT), visual estimate of percent bark 
remaining on the tree (BARK), and roost type (cavity = 1, bark = 0; ROOSTTYPE). For each of 
4 trees nearest to the roost tree, we determined tree species, diameter (cm) at breast height 





(CROWNN), all of which were averaged for the 4 trees. We photographed the forest canopy at 
each roost tree with a Nikon Coolpix 8400 camera and FC-E9 fisheye lens (Melville, New York) 
mounted to a self-leveling mount and tripod (Regent Instruments, Inc., Canada). We used 
WinScanopy and XLSCanopy software (Regent Instruments, Inc., Canada) to analyze each 
canopy photograph. This software allowed us to analyze the percent canopy gap within the 
hemispherical photograph of the canopy as a whole (TOTALGAP), as a 45º wedge off the 
horizon (HORIZGAP), as a 90º wedge centered on the midpoint (OVERHEADGAP), a 90º 
wedge each centered on the north, east, south, and west aspects (NORTHGAP, EASTGAP, 
SOUTHGAP, WESTGAP, respectively). We recorded aspect (ASPECT) with a compass, 
percent slope (SLOPE) with a clinometer at the plot (11.3 m radius centered on the roost tree), 
and stand basal area with a 20 factor prism (m2 / ha; BASAL). At each roost tree in the fire 
treatment, we also estimated the percent (0, 25, 50, 75, or 100 %) of understory 
(UNDERSTORY) and midstory (MIDSTORY) trees that were killed by fire. Within fire and 
control treatments, we located potential roost trees at random coordinates generated with 
ArcMap. We attempted to sample the same number of random trees as we accumulated roost 
trees. Potential roost trees were identified as any tree (>10 cm diameter at breast height) that 
contained either a cavity or exfoliating bark that possibly could be used by a northern myotis 
maternity colony as described by Owen et al. (2002). We measured the same variables at the 
potential roost trees as we did at the actual roost trees (Appendix A). Temperature (º C) was 
measured at a random sample of roost trees located in fire and control treatments with 
StowAway® Tidbit® (Onset Computer Corp., Pocasset, Massachusetts) data loggers that recorded 
ambient temperature every minute for 1-week periods from mid–June through mid-July. Data 





2.4. Statistical analysis 
To select models that best predicted tree use within and between treatments, we used an 
information-theoretic approach (Burnham and Anderson, 2002) within logistic regression 
analyses (Proc Logistic; SAS Institute, Inc., 2004). Individual models were developed on the 
basis of prior research indicating that characteristics of individual roost trees, as well as the 
condition of immediately surrounding trees and site are selected by northern myotis (Menzel et 
al., 2002a; Carter and Feldhamer, 2005). Also, the size of the canopy gap over northern myotis 
roost trees appears to be a factor in northern myotis roost selection (Cryan et al., 2001; Menzel et 
al., 2002a; Carter and Feldhamer, 2005; Perry and Thill, 2007; Perry et al., 2007). We aggregated 
appropriate variables in candidate models to represent characteristics of the roost tree 
(ROOSTTREE), roost tree and 4 nearest surrounding trees (TREECLUSTER), immediate and 
surrounding forest canopy gap (GAP), physical characteristics of the surrounding site (SITE), 
and a global model that contained all variables (GLOBAL) (Appendix A). We used logistic 
regression analysis to conduct 3 contrasts: (1) we predicted roost tree use, i.e., roost tree = 1, 
potential roost tree = 0, within the fire treatment; (2) we predicted roost tree use within the 
control treatment, i.e., roost tree = 1, potential roost tree = 0; and (3) we predicted roost tree use 
between the fire treatment and control treatment, i.e., fire treatment = 1, control treatment = 0. 
Before conducting logistic analyses, we arcsine-transformed all percentage data and examined all 
variable pairs for correlation. We removed a member of a variable pair before subsequent 
analyses if their Spearman’s rank (Proc Corr, SAS Institute, Inc., 2004) correlation coefficient 
was ≥0.60. We removed the variable that either was correlated with several other variables or 
potentially would be more difficult to replicate or implement when using the model to manage 





and discard actual height of roost trees, which will vary among areas). We used AICc for small 
sample sizes to determine the best approximating candidate model. Candidate models separated 
by ≤2 AICc were considered to be competing models. We used Akaike weights, wAICc, to indicate 
the probability that a particular model was the best approximating model in the candidate set. 
Naglekerke’s max-rescaled R2 was used to evaluate global model fit (Burnham and Anderson, 
2002). 
We determined if northern myotis maternity colonies selectively roosted in particular tree 
species of a unique structure by recording diameter, crown class, presence of cavity or 
exfoliating bark, and decay class of all trees >10 cm within 20 × 100 m belt transects located 
near known northern myotis roost trees in fire and control treatments (Menzel et al. 2002a; Owen 
et al., 2002). Our protocol for determining characteristics of trees within transects were identical 
to those used for the northern myotis maternity colony roost trees. We used a Fisher’s Exact Test 
(Proc Freq, SAS Institute, Inc., 2004) to determine if northern myotis maternity colonies 
selectively roosted in tree species relative to their availability, and to compare roost tree 
availability, i.e., number of roost trees, within fire and control treatments. We compared the 
structure (diameter, crown class, and decay class) of available roost trees in fire and control 
treatments with a Wilcoxon test (Proc Npar1way, SAS Institute, Inc., 2004).  
 Lastly, we used a Wilcoxon test to compare the frequency that northern myotis switched 
roosts, measured as the number of consecutive days spent in a roost tree and total number of 
roost trees used per bat, between fire and control treatments. We used a Kruskall-Wallis (Proc 
Npar1way, SAS Institute, Inc., 2004) test to compare distances (m) between consecutive roosts 





movements. We used a sign test (Proc Univariate; SAS Institute, Inc., 2004) to compare 
minimum, mean, and maximum daily temperatures recorded at roost trees.   
3. Results 
During 2007, we mist netted 5 nights within the fire treatment, capturing 17 bats, 
including 15 northern myotis and 2 big brown bats. We radio-tagged 3 reproductive female 
northern myotis and located 8 roost trees; 5 were within the fire treatment and 3 were located in 
the control treatment (Fig. 1). During 2008, we mist netted 27 nights, capturing 130 bats 
representing 8 species, including 107 northern myotis, 9 little brown myotis, 7 big brown bats, 3 
eastern pipistrelles, 1 Virginia big-eared bat, 1 Indiana myotis, 1 silver-haired bat, and 1 eastern 
red bat. We radio-tagged 33 female northern myotis and located 65 roost trees, 25 of which were 
within the fire treatment (Fig. 1). Although there were plots within the fire treatment where trees 
were subjected to girdling or herbicide, none of the roost trees were located within these plots. 
Of roost trees located in the control treatment (n = 40), 17 were located in other specific 
management compartments, including 6 roost trees within stands subjected to 2–3% financial 
maturity harvest with stand entries occurring every 10 years, and 11 roost trees in silvicultural 
control compartments that were last harvested before 1960. The remaining roost trees were 
located in unmanaged portions of the FEF not currently dedicated to any manipulative research, 
and presumably relatively undisturbed since initial logging on the FEF. Four roost trees recorded 
in 2007 were reused in 2008, 3 of which were located in the fire treatment. All roost trees were 
located at elevations ranging from 626–860 m (median = 743 m) and were more frequently 
located at higher elevations within their respective watersheds (z = 5.538, P <0.001). 
Spearman’s rank correlation coefficients exceeded 0.60 for 6 variable pairs within the 





pairs in the fire treatment versus control treatment contrast (Table 1). Within the fire treatment, 
the TREECLUSTER, ROOSTTREE, and SITE candidate models were competing (∆ AICc < 1.31; 
Table 2). However, all variables in the ROOSTTREE model were included in the 
TREECLUSTER model. Model-averaged variables indicated that northern myotis maternity 
colonies were more likely to use cavity trees rather than trees with exfoliating bark, that were 
smaller in diameter but were higher in crown class than random trees, and that were closely 
surrounded by trees that also were higher in crown class than surrounding random trees (Table 
3). The SITE model indicated that northern myotis maternity colonies were more likely to roost 
in trees located within stands with lower basal area, gentler slope, and higher percentage of fire-
killed stems than sites where random trees were located (Table 3). Within the control treatment, 
the TREECLUSTER and ROOSTTREE models were competing (∆ AICc = 1.72; Table 2). Again, 
all variables in the ROOSTTREE model were included in the TREECLUSTER model, and 
indicated that northern myotis were more likely to roost nearer the tops of larger, both in 
diameter and height, cavity trees in early stages of decay that were surrounded by decaying trees 
that were higher in crown class (Table 3). The GAP model best explained differences in northern 
myotis maternity colony roost tree selection between fire and control treatments (Table 2). Roost 
trees in the fire treatment were associated with larger overall canopy gaps than roost trees in the 
control treatment (Table 3). 
Within the six belt transects in the fire treatment (n = 3) and control treatment (n = 3), we 
tallied 391 trees of 19 species and 369 trees of 23 species, respectively. Northern myotis 
maternity colonies roosted disproportionately more often in black locust trees and 
disproportionately less often in oaks and maples than expected in fire and control treatments 





in the fire treatment (Table 5). Available roost trees were smaller in diameter and lower in the 
canopy, i.e., crown class, but were similar in decay class in the fire treatment than in the control 
treatment. The majority (68 %) of roost trees in the fire treatment and half of roost trees in the 
control treatment were either of intermediate or suppressed crown class. The majority of roost 
trees were of decay class ≥4 in the fire treatment (60%) and control treatment (62%). Only 2 and 
4 live trees were used in the fire treatment and control treatment, respectively. 
At 44 randomly selected roost trees, daily minimum temperatures were similar (M = -2.0, 
P = 0.618) between the fire (n = 15, mean = 14.26°C, SE = 0.46) and control treatments (n = 29, 
mean = 14.36°C, SE = 0.45). However, daily mean temperatures differed (M = -11.5, P < 0.001) 
between fire (mean = 19.58°C, SE = 0.43) and control treatments (mean = 19.03°C, SE = 0.44). 
Daily maximum temperatures also differed (M = -7.5, P = 0.020) between fire (mean = 32.16°C, 
SE = 0.75) and control treatments (mean = 30.83°C, SE = 1.11).  
Roost switching frequency by northern myotis was similar (P = 0.403) between the fire 
treatment (mean = 1.43 days, SE = 0.155, switched every 1–6 days) and control treatment (mean 
= 1.32 days, SE = 0.091, switched every 1–5 days). In the fire treatment, northern myotis used 1–
7 (mean = 2.35, SE = 0.402) roost trees for the duration of transmitter retention (mean = 4.36 
days, SE = 0.560, range = 2–8). In the control treatment, northern myotis used 1–7 (mean = 3.04, 
SE = 0.340) roost trees for the duration of transmitter retention (mean = 5.00 days, SE = 0.507, 
range = 1–9). Distances between consecutive roost trees were similar (P = 0.115) among the fire 
treatment (mean = 152 m, SE = 21.3, n = 18, range = 16–314 m), control treatment (mean = 230 
m, SE = 24.4, n = 49, range = 7–634 m), and between-treatment movements (fire to control 
treatment: mean = 294 m, SE = 64.1, n = 8, range = 136–684 m; control to fire treatment: mean = 






 Northern myotis responded favorably to prescribed fire by exploiting trees, mostly black 
locust, that were located in canopy gaps that were created by the senescence and decay of 
surrounding overstory trees. Northern myotis selection of black locust snags and large-diameter 
snags of other species as roost trees is typical of findings in the central Appalachian Mountains 
(Menzel et al., 2002a; Owen et al., 2002). The black locust snags used by northern myotis are a 
relict of past disturbances on the FEF in the early- to mid-1900s. Ford et al. (2006b) suggested 
that northern myotis selection of black locust snags as roost trees is a relatively recent 
phenomenon because historically, black locust was not a prevalent tree species in the Central 
Appalachian Mountains prior to the widespread harvesting that occurred regionally from the end 
of the 1800s into the 1920s (Abrams and McCay, 1996; Schuler and Fajvan, 1999). In the pre-
settlement forest, northern myotis probably used cavities and exfoliating bark of large-diameter 
snags, such as American chestnut or sugar maple, located in canopy gaps created by the canopy 
die off of the roost tree itself or the senescence of surrounding overstory trees killed by natural 
disturbances such as ice and wind damage. Moreover, frequent fires (<25-year return interval) 
that were caused by lightning strikes or set by Native Americans not only perpetuated an oak-
dominated forest, but also likely created periodic disturbances to the forest canopy that allowed 
shade-intermediate and intolerant species to become established in the understory during this gap 
phase in the forest growth cycle (Yamamoto, 1992; Schuler and Fajvan, 1999; Shumway et al., 
2001). In the late 1800s and early 1900s, forest disturbances, including exploitative harvesting, 
frequent and often catastrophic fires, and chestnut blight, created conditions that favored shade-
intermediate and intolerant tree species, such as black locust and oaks in the region (Boring et 





and Abrams, 2008). Fire-suppression efforts 15–30 years subsequent to the widespread 
harvesting through the present resulted in a gradual shift in forest species composition towards 
shade-tolerant species (Schuler and Fajvan, 1999; Hutchinson et al., 2008). Black locust trees 
that established in early 1900s as a result of forest disturbances were eventually overtopped by 
both shade-tolerant and intolerant species during the building phase of the forest growth cycle 
and remained in the forest as reliable, long-lasting snags that were used by bats for many 
consecutive years (Carey, 1983; Yamamoto, 1992; Lewis, 1995). During the mature phase of the 
forest growth cycle, forest species composition continued to shift toward more shade-tolerant 
species, such as maples, because of forest fire suppression and uneven-aged forest management 
practices (Clark, 1993; Brose et al., 2001; Schuler, 2004; Nowacki and Abrams, 2008). Within 
these mature forests, northern myotis maternity colonies roost in black locust snags and in the 
cavities or under the exfoliating bark of mature trees, of both shade-tolerant and intolerant 
species, and typically are associated with canopy gaps (Ford et al., 2002; Owen et al., 2002; this 
study). Indeed, northern myotis appear to be able to locate roosts in disturbed forests in various 
phases of the forest growth cycle. 
The broader temporal aspect of fire and its association with forest and snag dynamics and 
bat roost selection has not been considered and remains to be investigated. In our study, the 
immediate impact of recent prescribed fires included the creation of potential northern myotis 
roosts by enhancing the exfoliation of bark in live and dead trees (mostly maples and American 
beech) and possibly made previously unsuitable roost trees suitable by increasing the amount of 
solar radiation reaching them. Despite the apparent abundance of available roost trees, we 
observed only one roost tree in the fire treatment that was attributable solely to the recent 





roost trees in the fire treatment had cavities that were in existence prior to the fire treatment. 
Therefore, it is possible that northern myotis philopatry has continued despite prescribed fires, or 
that they have not had time to respond to the abundance of newly-created roost trees. However, 
northern myotis on the FEF mostly roosted in cavities, possibly limiting the effectiveness of 
prescribed fire in creating newly available roosts in the short term, i.e., 1–2 years post-fire. Our 
fire treatment partially consumed the bases of some roost snags, undoubtedly shortening their 
useful duration as roosts. The senescence of fire-killed overstory trees allowed increased solar 
radiation to reach the subcanopy stratum, i.e., lower tree limbs and boles, of a greater number of 
trees, possibly providing more potential roosts through the improvement of microenvironmental 
conditions (Menzel et al., 2001; Boyles and Aubrey, 2006; Turbill and Geiser, 2008). 
In the control treatment, northern myotis selected roost trees that were surrounded by 
decaying overstory trees. Clusters of decaying trees may provide alternate roosts and increased 
solar radiation to reach roost trees (Cryan et al., 2001; Perry and Thill, 2007; Perry et al., 2007). 
Roost trees located in some areas of the control treatment that had been subjected to light forest 
thinning is consistent with findings in the Ouachita Mountain region of Arkansas where northern 
myotis maternity colonies were observed roosting in thinned stands of mixed pine (Pinus spp.)-
hardwoods (Perry et al., 2007). Prescribed fire may act as a surrogate to mechanical forest 
thinning or harvesting in that fire-killed mature trees, and consequent crown die off, allow 
increased solar radiation to reach roost trees. Indeed, the percentage of fire-killed stems 
surrounding roost trees was positively related to the canopy gap immediately over the roost trees 
(ρ = 0.652, OVERHEADGAP:MIDSTORY; Table 1). Additionally, canopy gaps in the fire 
treatment were associated with slightly higher maximum daily temperatures at roost trees and 





growth of developing juvenile bats (Sedgeley, 2001; Boyles and Aubrey, 2006; Lausen and 
Barclay, 2006; Turbill and Geiser, 2008). Roost temperatures can be influenced by the amount of 
canopy gap as well as by the location of the roost tree with respect to landform (Lacki and 
Schwierjohann, 2001). Similar to previous studies, northern myotis maternity colonies on the 
FEF selected roost trees that were located on upper slopes, presumably because of increased 
intensity and duration of solar radiation (Lacki and Schwierjohann, 2001; Broders and Forbes, 
2004). The increased solar radiation in addition to the well-drained upper slopes where black 
locust is more likely to occur creates an ideal roosting situation for northern myotis (Clarkson, 
1958).  
Prescribed fires conducted during our study created canopy gaps, which, if large enough, 
will create conditions on the forest floor that allow shade-intolerant species, including black 
locust to regenerate (Miller et al., 1995; Hutchinson et al., 2008). Although prescribed fire is 
intended to augment oak regeneration, in the long-term, it also fosters the regeneration of black 
locust and other shade-intolerant species that northern myotis, as well as other cavity/bark 
roosting bat species, can utilize (Beck and Hooper, 1986; Miller et al., 1995). Further, trees 
surviving the fires may compartmentalize fire scars, which may eventually form cavities, i.e., 
potential roost sites, in the long-term (Smith and Sutherland, 1999).  
 Despite an apparent abundance of potential roost trees in our fire treatment, northern 
myotis did not switch roost trees more frequently than found in the control treatment. However, 
northern myotis in our study did switch roosts more frequently (mean = 1.35 days per roost) than 
reported previously, both within the Central Appalachian Mountains (Menzel et al., 2002a (mean 
= 5.3 days per roost); Owen et al., 2002 (mean = 3.0 days per roost)), as well as in other parts of 





2001 (mean = 3.25 days per roost); Carter and Feldhamer, 2005 (mean = 3.9 tracking days and 
2.5 roost trees)). Moreover, distances traveled between consecutive roosts were similar between 
fire and control treatments in our study, but were less (mean = 217 m) than in studies from other 
parts of the range [(Foster and Kurta, 1999 (mean = 333 m); Cryan et al., 2001 (mean = 600 m); 
Broders et al., 2006 (mean = 457)]. It is unclear if the greater roost switching frequency and 
lesser distances traveled between successive roosts observed in our study were attributable to a 
comparatively large number of available roost trees throughout the FEF, or if other factors such 
as predator avoidance or parasite loads dictated movement patterns (Sedgeley and O’Donnell, 
1999). That roost switching frequency and distances traveled between successive roost trees 
were similar between fire and control treatments suggest that prescribed fire may not have 
effectively increased the abundance of suitable snags in treatment areas. Rather, a saturation 
level of roost trees possibly had already been reached throughout the FEF, considering that 
northern myotis in our study switched roosts every 1.35 days on average. However, the requisite 
density of available roost trees for northern myotis remains unclear. Although northern myotis, a 
forest-interior species, may or may not have substantially benefitted (e.g., increased survivorship 
and recruitment) from prescribed fire or other forest disturbances such as light thinning, other bat 
species, including the endangered Indiana myotis, may benefit from additional snags and canopy 
disturbance introduced by prescribed fire (Carter, 2006; Keyser and Ford, 2006). Conversely, 
canopy disturbance can reduce the roosting opportunities for foliage-roosting bats, including the 
hoary bat and eastern red bat, but this remains to be determined. 
5. Conclusions 
The use of prescribed fire as a management tool to restore oak species to forests is 





Appalachian Mountains and may be even more favorable to disturbance-related bat species. The 
creation of canopy gaps not only produces favorable thermal conditions at roost sites in the 
short-term, but also promotes the regeneration of shade-intermediate and intolerant tree species 
that could provide future roosting habitat, while injuries to existing overstory trees create 
potential roost trees in the long-term. However, fire may accelerate the decline of existing roost 
trees, particularly of older snags. Although it is unclear if prescribed fire creates a net increase in 
roost tree density in the long-term, a spatial mosaic of prescribed fire of <25-year return intervals 
might provide a continuum of forest and roosting conditions throughout the landscape (Ford et 
al., 2006a; Loeb and O’Keefe, 2006). Lastly, from an overall wildlife management standpoint, 
prescribed fire fosters the development of a forest dominated by hard-mast-producing species, 
which benefit a wide variety of wildlife (Edwards et al., 1993; Schuler, 2004).  
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Table 1.  
Spearman’s rank correlation coefficients (ρ >0.60) for variable pairs in three models predicting Myotis septentrionalis roost tree use at 
the Fernow Experimental Forest, West Virginia, 2007 and 2008. Variables in bold were retained in models. 
 
Fire tree use (vs. fire potential tree use)  Control tree use (vs. control potential tree use)  Fire tree use (vs. control tree use) 
Variable pair ρ  Variable pair ρ  Variable pair ρ 
TOTALGAP, HORIZGAP 0.906  CROWNR, HEIGHT 0.852  SOUTHGAP, HORIZGAP 0.891 
TOTALGAP, SOUTHGAP 0.830  TOTALGAP, HORIZGAP 0.767  TOTALGAP, HORIZGAP 0.837 
CROWNR, HEIGHT  0.757  BARK, DECAYR  -0.713  CROWNR, HEIGHT  0.835 
TOTALGAP, WESTGAP 0.757  DECAYR, HEIGHT -0.622  ROOSTHGHT, HEIGHT 0.716 
DECAYR, BARK -0.729  TOTALGAP, WESTGAP 0.613  TOTALGAP, SOUTHGAP 0.697 
WESTGAP, HORIZGAP 0.709  CROWNR, DECAYR  -0.604  DECAYR, BARK -0.687 
CROWNR, ROOSTHGHT 0.656     CROWNR, ROOSTHGHT  0.662 
SOUTHGAP, HORIZGAP 0.655     TOTALGAP, WESTGAP 0.639 
OVERHEADGAP, MIDSTORY  0.652     DECAYR, HEIGHT -0.617 
HEIGHT, ROOSTHGHT 0.652       
OVERHEADGAP, SOUTHGAP 0.648       
OVERHEADGAP, WESTGAP  0.639       
DECAYN, MIDSTORY  0.635       
UNDERSTORY, MIDSTORY  0.627       
SOUTHGAP, WESTGAP 0.625       
DBHR, HEIGHT  0.607       





Table 2.  
Logistic regression analysis and model selection using Akaike Information Criteria (AICc) 
difference with correction for small sample sizes (∆ AICc), number of parameters in model (K), 
and model weight (wAICc) for Myotis septentrionalis maternity colony roost tree use at the 
Fernow Experimental Forest, West Virginia, 2007 and 2008. All candidate models (GLOBAL) 




max-rescaled) K AICc ∆ AICc wAICc Model 
Fire tree use  0.19 6 69.01 0.00 0.416 SITE 
(vs. fire potential tree use) 0.35 15 69.81 0.80 0.279 ROOSTTREE 
 0.52 18 70.32 1.31 0.216 TREECLUSTER 
 0.20 6 72.08 3.07 0.090 GAP 
 0.74 18 82.81 13.80 0.000 GLOBAL 
       
Control tree use  0.33 14 111.17 0.00 0.695 TREECLUSTER 
(vs. control potential tree use) 0.16 10 112.89 1.72 0.294 ROOSTTREE 
 0.22 7 120.73 9.56 0.008 GAP 
 0.52 22 121.04 9.86 0.007 GLOBAL 
 0.02 5 130.61 19.44 0.000 SITE 
       
Fire tree use  0.68 6 53.97 0.00 1.000 GAP 
(vs. control tree use) 0.81 26 83.84 29.87 0.000 GLOBAL 
 0.25 5 85.17 31.19 0.000 SITE 
 0.16 15 96.04 42.06 0.000 ROOSTTREE 





Table 3.  
Variables included in best approximating candidate models selected using Akaike Information Criteria (AICc) within logistic 
regression analysis predicting Myotis septentrionalis roost tree use at the Fernow Experimental Forest, West Virginia, 2007 and 2008. 
 
Parameter Estimate SE Wald χ2 P > Wald χ2 Odds Ratio 95% CL 
Fire tree use (vs. fire potential tree use)       
ROOSTTREE+TREECLUSTER+SITEa, b       
Intercept 12.180 10.249 1.413 0.235   
DBHR -0.171 0.086 4.020 0.045 0.84 0.71–0.99 
DECAYR 0.432 0.390 1.229 0.277 1.54 0.72–3.31 
CROWNR 1.454 0.888 2.684 0.101 4.28 0.75–24.37 
ROOSTTYPE 3.095 1.899 2.655 0.103 22.09 0.53–913.98 
DISTN -1.772 0.809 4.801 0.028 0.17 0.04–0.83 
DECAYN -0.339 1.093 0.096 0.756 0.71 0.08–6.07 
CROWNN 0.775 1.732 0.200 0.655 2.17 0.07–64.72 
ASPECT -0.020 0.013 2.404 0.121 0.98 0.96–1.01 
SLOPEc -0.106 0.057 3.525 0.061 0.90 0.81–1.01 
BASAL -0.033 0.016 4.462 0.035 0.97 0.94–0.99 
UNDERSTORYc 0.025 0.022 1.282 0.258 1.03 0.98–1.07 
Control tree use (vs. control potential tree use)       
TREECLUSTERd       
Intercept -6.970 2.806 6.170 0.013   
DBHR 0.019 0.023 0.711 0.399 1.02 0.98–1.07 





Table 3. Continued.       
Parameter Estimate SE Wald χ2 P > Wald χ2 Odds Ratio 95% CL 
BARK -0.016 0.010 2.720 0.099 0.98 0.97–1.00 
CROWNR 0.071 0.483 0.022 0.883 1.07 0.42–2.77 
ROOSTTYPE 1.755 0.685 6.573 0.010 5.78 1.51–22.12 
DISTN 0.178 0.331 0.288 0.591 1.19 0.63–2.28 
DBHN -0.117 0.063 0.711 0.399 0.89 0.79–1.01 
DECAYN 1.121 0.419 7.147 0.008 3.07 1.35–6.98 
CROWNN 2.201 0.957 5.291 0.021 9.04 1.39–58.95 
Fire tree use (vs. control tree use)       
GAPe       
Intercept -9.766 3.121 9.795 0.002   
TOTALGAPc 59.497 26.087 5.202 0.023 >999.99 >999.99– >999.99 
NORTHGAPc 11.995 12.459 0.927 0.336 >999.99 <0.01– >999.99 
EASTGAPc 28.928 12.141 5.677 0.018 >999.99 169.43– >999.99 
OVERHEADGAPc -4.789 6.560 0.533 0.465 0.01 <0.01– >999.99 
a Hosmer-Lemeshow χ2 = 2.397, P = 0.935; Concordance = 92.6% 
b Model-averaged statistics presented. 
c Analyses performed on arcsine-transformed data. 
d Hosmer-Lemeshow χ2 = 13.851,P = 0.086; Concordance = 80.3% 






Table 4.  
Tree species selected as roosts by Myotis septentrionalis maternity colonies within areas that were and were not subjected to 
prescribed fire on the Fernow Experimental Forest, West Virginia, 2007 and 2008. 
 









roosts % χ2 P 
Robinia pseudoacacia 13 52.0 10 4.3 62.99 <0.001  20 45.5 13 9.6 28.61 <0.001 
Quercus spp. 2 8.0 64 27.6 4.54 0.004  8 18.2 57 41.9 8.11 <0.001 
Acer spp. 3 12.0 63 27.2 2.72 0.022  7 15.9 38 27.9 2.57 0.032 
Sassafras albidum 3 12.0 15 6.5 1.06 0.249  2 4.5 1 0.7 – – 
Oxydendrum arboreum 3 12.0 35 15.1 – –  0 0.0 3 2.2 – – 
Prunus serotina 1 4.0 0 0.0 – –  2 4.5 3 2.2 – – 
Carya spp. 0 0.0 2 0.9 – –  1 2.3 0 0.0 – – 
Liriodendron tulipifera 0 0.0 3 1.3 – –  1 2.3 0 0.0 – – 
Magnolia spp. 0 0.0 3 1.3 – –  1 2.3 3 2.2 – – 
Unknown 0 0.0 0 0.0 – –  2 4.5 3 2.2 – – 
Fagus grandifolia 0 0.0 26 11.2 – –  0 0.0 4 2.9 – – 
Betula lenta 0 0.0 6 2.6 – –  0 0.0 6 4.4 – – 
Amelanchier spp. 0 0.0 3 1.3 – –  0 0.0 3 2.2 – – 





Table 5.  
Characteristics of available roost trees in prescribed fire and control treatments on the Fernow 
Experimental Forest, Tucker County, West Virginia, 2008. 
 
 Fire treatment  Control treatment  
Variable Mean SE  Mean SE P 
Roost presence (%)a, b  59.3 –  36.9 – <0.001 
Cavity (%)b 41.1 –  32.5 – 0.027 
Exfoliating bark (%)b 43.2 –  9.3 – <0.001 
DBH (cm)c, d 27.8 1.08  33.1 1.41 <0.001 
Crown classd, e 2.1 0.06  2.3 0.08 0.007 
Decay classd, f 2.3 0.06  2.4 0.12 0.362 
a Includes cavity and exfoliating bark roost trees. 
b Comparison made with Fisher’s Exact test. 
c Diameter at beast height. 
d Comparison made with Wilcoxon test. 
e Crown class following Nyland (1996). 





Appendix A. Characteristics of roost trees used by Myotis septentrionalis maternity colonies and 
randomly located potential roost trees within areas that were and were not subjected to 
prescribed fire on the Fernow Experimental Forest, West Virginia, 2007 and 2008. 
 Fire treatment  Control treatment 
 Roost (n = 25)  Random (n = 25)  Roost (n = 44) Random (n = 45) 
Variable Mean SE  Mean SE  Mean SE Mean SE 
ROOSTTREE           
  DBHR (cm) 24.33 3.23  29.89 3.14  30.91 2.64 29.65 2.03 
  DECAYR 3.96 0.28  4.24 0.41  3.95 0.25 3.89 0.27 
  CROWNR 2.04 0.18  1.72 0.16  2.63 0.13 2.09 0.13 
  HEIGHT (m) 13.97 1.30  11.59 1.00  16.28 1.19 15.04 1.07 
  ROOSTHGHT (m) 8.55 1.02  7.58 0.59  8.79 0.73 7.59 0.43 
  BARK (%) 69.52 6.48  59.20 6.58  55.95 4.95 59.89 5.20 
  ROOSTTYPE 0.96 0.04  0.76 0.09  0.81 0.06 0.62 0.07 
           
GAP           
  TOTALGAP (%) 17.56 1.90  12.54 0.67  9.36 0.19 8.62 0.25 
  NORTHGAP (%) 9.51 0.87  8.34 0.83  6.02 0.43 7.05 0.60 
  EASTGAP (%) 16.34 1.67  13.63 1.21  8.25 0.43 9.49 0.54 
  SOUTHGAP (%) 26.81 4.01  15.10 1.52  13.00 0.57 10.15 0.59 
  WESTGAP (%) 16.54 2.62  12.53 1.49  9.24 0.56 7.17 0.57 
  OVERHEADGAP (%) 35.59 4.16  23.01 1.57  24.09 0.90 22.44 1.10 
  HORIZGAP (%) 11.33 1.19  9.12 0.83  6.41 0.28 5.87 0.33 
           
TREECLUSTER            
  DISTN (m) 3.20 0.16  3.39 0.20  3.35 1.14 3.60 0.17 
  DBHN (cm) 24.69 1.40  26.93 1.37  26.81 1.04 27.78 1.22 
  DECAYN 2.14 0.19  1.83 0.17  1.77 0.15 1.43 0.10 
  CROWNN 2.40 0.08  2.21 0.09  2.29 0.08 2.27 0.07 
           
SITE           
  ASPECT (°) 153.28 38.51  139.01 52.97  169.89 41.46 132.45 47.29 
  SLOPE (%) 35.60 2.60  40.56 2.72  26.14 1.85 24.58 2.05 
  BASAL (sq. m./ha) 32.70 2.01  32.51 2.26  35.06 1.60 33.47 1.69 
  UNDERSTORY (%) 69.57 7.53  53.13 5.89  – – – – 





Fig. 1. Northern myotis maternity roost tree locations within fire and control treatments on the 
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ABSTRACT 
Nocturnal activity patterns of northern myotis (Myotis septentrionalis) at diurnal roost trees 
remain largely uninvestigated. Moreover, the influences of reproductive status, weather, and 
roost tree characteristics on timing of emergence, intra-night activity, and entrance at their roost 
trees is poorly known. We examined nocturnal activity patterns of northern myotis maternity 
colonies during pregnancy and lactation at diurnal roost trees situated in areas that were and were 
not subjected to recent prescribed fires at the Fernow Experimental Forest, West Virginia from 
2007 to 2009. According to exit counts and acoustic data, northern myotis colony sizes were 
similar between reproductive periods and roost tree settings. However, intra-night activity 
patterns differed slightly between reproductive periods and between roost trees in burned and 
non-burned areas. Weather variables poorly explained variation in activity patterns during 
                                               





pregnancy, but precipitation and temperature were negatively associated with activity patterns 
during lactation. 
 
Key words: Anabat, bats, Myotis septentrionalis, night-roosting, northern myotis, West Virginia 
 
INTRODUCTION 
Temperate bat species are nocturnal and exhibit nightly and seasonal activity patterns that 
vary among species and individuals (Hirshfield et al., 1977; Anthony et al., 1981). During 
summer nights, bat roost-emergence activity commonly peaks immediately after sunset and can 
continue for several hours (Kunz, 1973; Barclay, 1982). Typically, a lesser activity peak occurs 
before sunrise as bats return to their diurnal roosts after foraging (Kunz, 1973). During the night, 
bats roost at intervals, either at their diurnal roosts or at night roosts nearer their foraging areas 
(Adam and Hayes, 2000; Johnson et al., 2002; Daniel et al., 2008).  
Females of some species form maternity colonies in anthropogenic structures such as 
buildings and/or trees during summer (Barbour and Davis, 1969; Lewis, 1995). During the 
maternity season, particularly during the lactation period, females return to their diurnal roosts 
several times during the night to nurse their young (Henry et al., 2002). Activity at diurnal roosts 
at night typically is greater during lactation than during pregnancy (Henry et al., 2002).  
Very little research has examined bat activity patterns at non-anthropogenic roost sites or 
activity patterns of northern myotis maternity colonies (Barclay and Cash, 1985; Barclay, 1989; 
Hickey and Fenton, 1996; Broders et al., 2006). Additionally, how increased solar exposure to 
roost trees following forest disturbances, including partial-harvesting or prescribed fire, impacts 





2006; Johnson et al., 2009). Increasing solar exposure may increase roost temperatures, resulting 
in increased energetic demands on females due to increased growth rates of neonates (Tuttle, 
1975; Boyles and Aubrey, 2006; Ruczyński, 2006). Consequently, energetic demands of females 
would be expected to be greater during lactation, resulting in higher intra-night activity at roosts 
(Henry et al., 2002). Intra-night activity at maternity colonies may be higher at roost trees 
experiencing increased solar radiation because females return more frequently to feed their 
rapidly growing young (Henry et al., 2002).  
Our objectives were to determine if nocturnal bat activity at diurnal roost trees of northern 
myotis differed between pregnancy and lactation reproductive periods; and to examine the 
influence of weather on activity patterns. Also, we investigated if any differences in bat activity 
existed between roost trees in areas subjected to prescribed fire compared to those in non-burned 
areas. We hypothesized: 1) that peak bat activity would occur at dusk and at dawn as bats exited 
from and returned to their roost trees, 2) that more intra-night activity would be recorded during 
the lactation period than during the pregnancy period, and 3) that more activity would be 
recorded at diurnal roost trees located in areas subjected to prescribed fire than those in non-
burned areas. 
MATERIALS AND METHODS 
Study area 
We conducted our research at the Fernow Experimental Forest (FEF) in Tucker County,  
West Virginia. The FEF is a 1,900 ha experimental forest managed by the U.S. Forest Service, 
Northern Research Station, and is located in the Unglaciated Allegheny Mountains subsection of 
the Appalachian Plateau Physiographic Province (Kochenderfer et al., 2007). Elevations range 





west. Approximately 5.5 km of dendritic intermittent and permanent streams feed into Elklick 
Run and incise the steep slopes and plateau-like ridgetops (Madarish et al., 2002). Mean annual 
precipitation at FEF is 145.8 cm, ranging from 9.7 cm in October to 14.4 cm in June. Mean 
annual temperature is 9.2º C, ranging from –18.0º C in January to 20.6º C in July (Kochenderfer, 
2006). Vegetation at the FEF is a mosaic of second- and third-growth, mixed-mesophytic and 
northern hardwood forest that has been managed by even (patch clearcut)- and uneven (single-
tree selection)-aged silviculture since the mid-20th century, or has been left undisturbed 
following initial harvesting in the Elklick watershed from 1903 to 1911 (Schuler and Fajvan, 
1999; Schuler, 2004). In spring 2007 to 2009, prescribed fire treatments were conducted in 3 
management compartments totaling ca. 146 ha on FEF. The three management compartments 
were burned for 1 day during each treatment using a strip head fire technique, ignited with hand-
held drip torches. Actual flame heights and combustion varied from dying out to >3.5 m high in 
some spots, due to variability in leaf litter, slope, and aspect. Additionally, 48, 20-m radius plots 
were randomly located in each of the three management compartments, and all overstory or 
midstory trees, other than oak (Quercus spp.) or hickory (Carya spp.), were herbicided or girdled 
(T. Schuler, USDA Forest Service, personal communication).   
Radio telemetry  
To capture bats, we placed mist nets (Avinet, Inc., Dryden, New York) over stream corridors, 
small pools, skidder trails, and service roads from May to July 2007–2009. For each captured 
bat, we determined species, sex, age, weight, forearm length, and reproductive condition. We 
used Skin Bond® (Smith and Nephew, Largo, Florida) surgical cement to affix a 0.35-g radio 
transmitter (Model LB-2N; Holohil Systems Ltd., Carp, Ontario, Canada) between the scapulae 





Animal Care and Use Committee of West Virginia University (Protocol No. 08-0504) and 
followed the guidelines of the American Society of Mammalogists (ACUC, 1998). We used a 
radio receiver and 3-element Yagi antenna (Wildlife Materials, Inc., Murphysboro, Illinois) to 
locate radio-tagged bats daily. 
Acoustic monitoring and exit counts 
We used Anabat II (Titley Electronics, Ballina, Australia) broadband, frequency-division, bat 
detectors to passively monitor for bat echolocation passes, i.e., a series of echolocation pulses, at 
a random sample of diurnal roost trees (Sasse and Pekins, 1996). We positioned the detector on 
the ground with the microphone oriented 45–90° angle from horizontal towards the diurnal roost 
tree. The bat detectors were programmed to monitor from 1 hour prior to sunset to 1 hour after 
sunrise. We conducted monitoring at diurnal roost trees on the nights we located radio-
telemetered bats at those particular trees. Echolocation passes were recorded to an Anabat 
CompactFlash storage Zero-Crossing Analysis Interface Module (ZCAIM) and downloaded to a 
computer for analysis using Analook 4.8p software (Corben, 2001). We used qualitative and 
quantitative echolocation pass identification methods (Fenton and Bell, 1981; O’Farrell et al., 
1999; Murray et al., 2001). We identified echolocation passes of some species by comparing our 
unknowns to a library comprised of echolocation passes collected from hand-released bats 
marked with chemiluminescent tags collected throughout the southeastern and mid-Atlantic 
United States. We only attempted identification of echolocation passes containing ≥3 pulses.  
Northern myotis echolocation passes were distinguished from congeners by the characteristic 
slope (∆ ≥200 octaves per second) of each pulse. Our identifications were limited to species as 
no acoustical techniques exist at present to reliably distinguish male/female or adult/juvenile bat 





does not necessarily reflect the number of bats being recorded as an individual can be recorded 
multiple times within a small window of time (Broders, 2003). We conducted exit counts at a 
random set of roost trees in non-burned and burned areas, and during pregnancy and lactation 
periods. We commenced exit counts approximately 1 hour before sunset and continued until 
darkness prevented us from observing emerging bats (Menzel et al., 2002). 
Statistical analysis 
We used Mann-Whitney tests to compare mean nightly and mean hourly bat passes, defined 
as the number of echolocation pass sequences recorded, between reproductive periods 
(pregnancy and lactation) and between roost trees in non-burned and burned areas (Proc 
Npar1way, SAS Institute, Inc., 2004). We defined pregnancy and lactation periods by examining 
the reproductive condition of female northern myotis captured during mist-netting efforts that 
occurred concurrent with acoustic monitoring of roost trees. We noted if roost trees were located 
in areas that had recently (2007 and thereafter) been burned or were in areas that had not recently 
been burned (Johnson et al., 2009). Before making comparisons of mean bat passes among hours 
following sunset within each reproductive period or each roost tree setting (burned or non-
burned), we used a time-series analysis to examine hourly means for temporal autocorrelation 
(RDCT, 2008). Partial autocorrelation coefficients exceeding 5% confidence limits, i.e., partial 
autocorrelation (PACF) = |0.59|, were considered significantly autocorrelated (Montgomery et 
al., 2008). To determine if hourly mean bat passes within nights differed within reproductive 
periods and within roost tree settings, we performed a 1-way analysis of variance on ranked data 
(Proc Rank; Proc GLM, SAS Institute, Inc., 2004). Significant differences among ranked mean 





We examined possible influence of weather variables on bat activity within the pregnancy 
and lactation periods using Spearman’s correlation coefficients (Proc Corr, SAS Institute, Inc., 
2004). Weather variables included hourly precipitation totals (Precip), daily minimum (MinT) 
and maximum temperatures (MaxT), and mean hourly temperatures (HrT). We obtained 
precipitation data, and daily minimum and maximum temperatures from a weather station 
maintained on the FEF (US Forest Service, unpublished data). Mean hourly temperatures were 
measured at a random sample of roost trees with StowAway® Tidbit® (Onset Computer Corp., 
Pocasset, Massachusetts) data loggers that recorded ambient temperature every minute. Lastly, 
we used Mann-Whitney tests to compare exit counts between roost trees in non-burned and 
burned areas, and between pregnancy and lactation periods. We used simple regression to 
evaluate trends in exit counts during summer. Statistical significance for all tests was set at α = 
0.05. 
RESULTS 
We radio-tracked 29 female northern myotis (21 pregnant, 8 lactating) to 40 roost trees (28 
during the pregnancy period, 13 during the lactation period, 1 roost tree was used during both 
reproductive periods; and 23 in non-burned areas and 17 in burned areas). We acoustically 
monitored for 52 sample nights (34 during the pregnancy period and 18 during the lactation 
period; and 27 in non-burned and 25 in burned areas).  
Mean bat passes per hour were similar (P = 0.916) between the pregnancy (7.43 ± 2.10 
echolocation passes; mean ± SE), and lactation periods (7.79 ± 2.51). Mean bat passes were 
similar (P = 0.226) at roost trees in non-burned (9.48 ± 2.95) and burned areas (6.00 ± 2.05). 
Within nights, mean hourly echolocation passes were not serially autocorrelated during the 





|0.322| or burned areas (PACF ≤ |0.349|). During pregnancy, activity peaked just prior to sunrise 
(Fig. 1A), with mean bat passes differing between the 10th, and 1st and 7th hours after sunset 
(Table 1). During lactation, activity peaked during the 3rd hour after sunset (Fig. 1B), which 
differed from all other hours but the 4th and 10th (Table 1). Among hours between reproductive 
periods, only the 3rd hour after sunset differed; mean bat passes were higher during lactation 
(Table 1).  
Bat activity was poorly associated with weather variables during pregnancy (Precip: ρ = -
0.013, MaxT: ρ = -0.064, MinT: ρ = 0.050, HrT: ρ = 0.028) and to some extent during lactation 
(Precip: ρ = -0.001, HrT: ρ = -0.003). Maximum daily temperatures (ρ = -0.347) and minimum 
nightly temperatures (ρ = -0.195) were negatively associated with bat activity during lactation. 
Within non-burned areas, mean hourly bat passes peaked just before sunrise (Fig. 2A). Mean 
bat passes during the 10th hour after sunset were higher than other hours except for the 3rd, 4th, 
and 9th hours (Table 2). Within burned areas, mean hourly bat passes peaked in the 3rd and 4th 
hours following sunset (Fig. 2B). Mean bat passes during the 3rd and 4th hours following sunset 
were similar to all but the 1st and 11th hours following sunset (Table 2). Among hours between 
non-burned and burned areas, mean passes differed in the 1st, 10th, and 11th hours; mean bat 
passes were higher at trees in non-burned areas (Table 2). 
Exit counts were similar (P = 0.461) between roost trees in non-burned (n = 6 samples, range 
= 2–48 bats, 27.2 ± 9.1 bats) and burned (n = 11 samples, range = 1–33 bats, 14.1 ± 2.8 bats) 
areas. Exit counts also were similar (P = 0.740) between pregnancy (n = 9 samples, range = 1–48 
bats, 21.1 ± 7.2 bats) and lactation (n = 8 samples, range = 7–20 bats, 16.0 ± 1.5 bats) periods. 






Nocturnal activity of female northern myotis at diurnal roost trees largely was unaffected by 
reproductive period or roost tree setting. Exit counts and mean nightly bat passes both indicated 
that northern myotis colony sizes were similar between reproductive periods and between roost 
trees in burned and non-burned areas. Colony sizes were slightly less than those recorded 
previously in West Virginia (Menzel et al., 2002) and Nova Scotia (Garroway and Broders, 
2007). Colony size slightly decreased during summer, possibly due to group fission dynamics 
(Garroway and Broders, 2007). During pregnancy, intra-night activity patterns of northern 
myotis steadily increased before sunrise, as bats were returning from initial foraging bouts 
(Henry et al., 2002). A lack of activity peak after sunset during pregnancy may have been due to 
a gradual emergence of the colonies. Energetic demands during lactation may necessitate prompt 
foraging after sunset, resulting in more synchronized emergence activity (Anthony and Kunz, 
1977; McWilliam, 1989). We did not observe a peak in activity of lactating bats until the 3rd hour 
following sunset, probably as bats were returning from their first foraging bout to nurse their 
young (Henry et al., 2002). Thereafter, females may have intermittently emerged and returned 
from foraging to nurse their young, resulting in similar activity levels throughout the night until a 
small peak before sunrise as more bats returned for diurnal roosting (Henry et al., 2002). During 
pregnancy, it is common for female bats to use night-roosts that are not their diurnal roosts 
(Henry et al., 2002; Murray and Kurta, 2004).  
Energetic requirements on female bats during different reproductive periods are well-
documented; meeting those demands can be affected by weather conditions and insect 
availability (Anthony et al., 1981; Barclay, 1982; Hickey and Fenton, 1996). Compared to the 
lactation period, during pregnancy, weather variables were not strong predictors of bat activity in 





lactation (Speakman and Thomas, 2003). Therefore, we may expect weather conditions to have 
less influence on bat activity during the pregnancy period. Similar to our findings, lactating little 
brown myotis (Myotis lucifugus) activity has been shown to be negatively correlated with 
minimum nightly temperatures (Anthony et al., 1981). During cooler nights, insect activity 
decreases, causing bats to forage less, and thereby remain in roost trees to conserve energy 
(Anthony et al., 1981; Hickey and Fenton, 1996). Moreover, cooler nightly temperatures may 
necessitate females spending more time in their roost trees to maintain internal roost 
temperatures to foster juvenile growth and survival (Tuttle, 1975). Because bats spent more time 
in their roosts on cooler nights, we detected fewer echolocation passes on these nights.  
The effects of prescribed fire around or near diurnal roosts had little effect on the nocturnal 
activity patterns of northern myotis maternity colonies. At roost trees in both non-burned and 
burned areas, intra-night activity showed peaks (although not significant in all cases) 3 hours 
after sunset and again just before sunrise, probably as bats were returning after their first 
foraging bout and for diurnal roosting, respectively (Henry et al., 2002). Although overall mean 
bat passes were similar between roost trees within non-burned and burned areas, there were few 
hourly differences between roost trees in the two treatments during the emergence and entrance 
periods. Contrary to our predictions, activity during these hours was greater at roost trees in non-
burned areas than in burned areas. It is possible that the increased solar exposure at roost trees in 
burned areas would negatively affect colony size because occupancy by fewer individuals would 
be necessary to maintain favorable roost temperatures (Johnson et al., 2009). However, 
according to exit counts and acoustic data, there were no differences in colony size between roost 
tree settings. Prescribed fire in our study area resulted in canopy gaps over roost trees, resulting 





temperatures did not differ between roost trees in non-burned and burned areas. We would 
expect the increase in solar exposure to increase energetic demands, similar to that experienced 
during lactation, which would result in a more concentrated emergence. Canopy gap sizes varied 
more at roost trees in burned areas than in non-burned areas (Johnson et al., 2009), possibly 
resulting in less-concentrated emergence events at the former. This phenomenon could be 
influenced by a combination of factors, including relatively high variation in energetic demand 
for bats using roost trees in burned areas compared to those in non-burned areas.  Or, more 
simply, variation in perceived twilight times at roost trees in burned areas. Whereas emergence 
times may be more synchronized in forest stands with intact canopies, or at those with canopy 
gaps of similar size, they may vary more at trees in burned areas due to variation among canopy 
gaps. Bat emergence times typically are correlated highly with sunset, but can be shifted earlier 
during cloudy evenings (McWilliam, 1989). Varying light conditions at roost trees in burned 
areas may have been significant enough to delay or advance emergence times to different hourly 
data bins, i.e., 1st or 2nd hour after sunset. 
CONCLUSIONS 
Our study indicates that northern myotis nocturnal activity patterns are similar to that of other 
temperate bat species (Henry et al., 2002). Overall nightly activity at diurnal roost trees did not 
differ between reproductive periods or between roost trees in non-burned and burned areas. 
Within nights, activity typically peaked 3 hours after sunset as northern myotis presumably 
returned from their first foraging bout and again prior to sunrise before returning for diurnal 
roosting. Weather variables were poorly correlated with activity during pregnancy, but 





Nocturnal activity patterns were similar overall between roost trees in non-burned and burned 
areas, but hourly activity was higher at trees in non-burned areas at sunset and before sunrise. 
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Table 1. Female northern myotis (Myotis septentrionalis) night-roosting activity during 
pregnancy (n = 34 samples) and lactation (n = 18 samples) reproductive periods at the Fernow 
Experimental Forest, West Virginia, 2007–2009. 
 
 Pregnant  Lactating  
Hour a Mean b  SE  Mean SE P 
1      3.32 BC 0.91   2.17 BC 0.99 0.119 
2 6.82 ABC 1.93  5.44 BC 2.05 0.476 
3 7.74 ABC 3.31     19.56 A 7.03 0.041 
4 8.24 ABC 4.05     13.28 AB 4.49 0.054 
5 7.35 ABC 2.37   8.67 BC 2.84 0.302 
6 7.29 ABC 2.51   7.89 BC 3.20 0.186 
7      6.06 BC 2.16    6.28 BC 2.71 0.488 
8 7.59 ABC 2.52    5.67 BC 2.90 0.228 
9     10.85 AB 3.24    7.00 BC 3.27 0.436 
10  15.47 A 4.51  9.50 ABC 3.58 0.300 
11    0.97 C 0.71       0.22 C 0.22 0.245 
 
a Hours after sunset. 
b Mean number of echolocation passes per hour detected followed by different capital letters 






Table 2. Female northern myotis (Myotis septentrionalis) night-roosting activity at roost trees in 
non-burned (n = 27 samples) and burned (n = 25 samples) areas of the Fernow Experimental 
Forest, West Virginia, 2007–2009. 
 Non-burned  Burned  
Hour a Mean b  SE  Mean SE P 
1 4.81 BC 1.14  0.88 B 0.46 0.006 
2 9.74 BC 2.42     2.68 AB 1.09 0.086 
3 14.70 AB 5.51  8.72 A 3.49 0.829 
4      11.59 ABC 5.08  8.24 A 3.32 0.643 
5 9.48 BC 2.95     6.00 AB 2.05 0.574 
6 9.74 BC 3.05     5.08 AB 2.37 0.147 
7 8.41 BC 2.63     3.68 AB 1.97 0.063 
8 9.70 BC 3.06     3.92 AB 2.14 0.122 
9 13.74 AB 3.90     4.96 AB 2.43 0.125 
10      21.52 A 5.56     4.64 AB 1.69 0.030 
11        1.37 C 0.89  0.00 B 0.00 0.026 
 
a Hours after sunset. 
b Mean number of echolocation passes per hour detected followed by different capital letters 







Fig. 1 Mean (± 1 SE) hourly activity of northern myotis (Myotis septentrionalis) during 
pregnancy (A) and lactation (B) at the Fernow Experimental Forest, West Virginia, 2007–2009. 
Fig. 2 Mean (± 1 SE) hourly activity of northern myotis (Myotis septentrionalis) at roost trees in 
non-burned (A) and burned (B) areas of the Fernow Experimental Forest, West Virginia, 2007–
2009. 
Fig. 3 Exit counts at northern myotis maternity colonies during summer 2008–2009 at the 
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Abstract 
 Maternity groups of many bat species are known to conform to fission-fusion models, 
and the movements among roost trees of individual bats belonging to these groups form 
networks of roost trees. That these roost networks may exist as scale-free networks, where a 
central node roost tree is connected more highly to other roost trees, suggests a relative 
importance among roost trees to bat maternity colonies. Also, forest disturbances such as 
prescribed fire may alter roost networks and characteristics of roost trees and central node roost 
trees. At the Fernow Experimental Forest in West Virginia, 2008–2009, we examined roost 
networks of northern myotis (Myotis septentrionalis) in forest stands subjected to prescribed fire 
and those that were not. We determined that northern myotis conformed to fission-fusion 
models, forming social groups whose roost areas and roost networks overlapped to some extent. 
Roost networks largely resembled scale-free network models, 61% of which had a single 
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identifiable central node roost trees around where the remainder of the roost trees in the network 
were centered. In control, i.e., unburned, treatments, central node roost trees were in early stages 
of decay and surrounded by higher basal area than other trees within the networks. In prescribed 
fire treatments, central node roost trees were smaller in diameter, lower in the forest canopy, and 
surrounded by lower basal area than other trees in the networks. Compared to central node roost 
trees in control treatments, those in prescribed fire treatments had higher amounts of bark 
coverage. Our results indicate that northern myotis form social groups that roost in networks of 
trees that center on a central node roost tree that is selected based on surrounding basal area and 
decay stage characteristics. Forest disturbances such as prescribed fire may result in changes to 
roost networks through inputs of suitable roost trees by senescence and creation of forest canopy 
gaps.  
Key words: bats, fission-fusion, graph theory, Myotis septentrionalis, northern myotis, roost 
selection, West Virginia 
Introduction 
Nonrandom intraspecific associations among individuals have been documented in a 
variety of mammals, including bats (Wilkinson 1985, Holekamp et al. 1997, Ottensmeyer and 
Whitehead 2003, Lehmann and Boesch 2004, Cross et al. 2005). From an evolutionary 
perspective, the advantages of forming nonrandom associations mostly exceed the disadvantages, 
and several specific mechanisms underlying the advantages have been posited (Alexander 1974). 
Groups may form (fusion) as a defensive mechanism, for efficient information transfer, to 
facilitate food sharing, and cooperative rearing of offspring (Alexander 1974, Wilkinson 1985, 
Emlen 1994, Kerth 2008). Disadvantages of group formation and causes for group separation 
(fission) include intra-group competition for resources, increased parasite loads, and disease 
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transmission (Wilkinson 1985, Krause and Ruxton 2002, Kerth 2008). Therefore, group size may 
be in constant flux. This fission-fusion dynamic operates to achieve optimal size to maximize 
individuals’ fitness in response to varying intrinsic factors such as reproductive cycle or extrinsic 
factors such as habitat conditions or weather. 
 Fission-fusion dynamics have been documented in a number of bat species, yet few 
studies have investigated causal mechanisms or effects of changing habitat conditions on these 
dynamics (Wilkinson 1985, O’Donnell and Sedgeley 1999). Indeed, effects of forest structure 
and degree and type of disturbance on fission-fusion dynamics have been largely ignored, yet the 
accepted paradigm is that defined social groups of animals should be one of the focal units of 
conservation (O’Donnell 2000, Willis and Brigham 2004, Rhodes 2007). These bat groups may 
be regarded as a management unit because females exhibit strong natal philopatry, returning to 
the same areas, and even specific roost trees, in consecutive years, suggesting selection and 
possible limitation of roost tree availability or suitable condition (Crampton and Barclay 1998, 
Sedgeley and O’Donnell 1999, Kurta et al. 2002, Willis and Brigham 2004). Roost switching 
within a maternity period also is common, and may be dictated in part by availability and 
ephemerality of roost trees (Lewis 1995, Sedgeley and O’Donnell 1999, Kurta et al. 2002). 
Northern myotis (Myotis septentrionalis) maternity colonies switch roost trees frequently (every 
1–5 days), and in the Central Appalachian Mountains, exhibit selection for certain roost tree 
characteristics, including distinct woody species preferences (Owen et al. 2002, Menzel et al. 
2002, Garroway and Broders 2007). Garroways and Broders (2007) confirmed that northern 
myotis conform to fission-fusion models; however, these observations were not made in the 
context of forest disturbance and roost availability.  
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 Roost switching patterns can be viewed as networks among trees; a roost topology where 
roost trees are nodes and daily roost switching movements are edges within a network (Rhodes et 
al. 2006, Rhodes 2007, Fortuna et al. 2009). Networks can be of many forms, including random 
and scale-free. In a random network, roost trees are essentially equally connected, with no roost 
tree being more connected than other roost trees in the network. In a scale-free network, there is 
an apparent “hub” or central node roost tree within the roost network that is more connected to 
other roost trees (Rhodes et al. 2006). Roost networks may be specific to social groups of bats 
and could have implications for roost selection studies and habitat management. Although 
northern myotis have been shown to select for certain tree characteristics when roosting, the 
relative importance of trees used by social groups, primarily maternity colonies, has not been 
examined. Roost selection studies commonly give equal importance to all roost trees, comparing 
them to potential randomly-located roost trees (Menzel et al. 2002, Miller et al. 2003). Central 
node roost trees may have specific selected characteristics that may be important in maintaining 
social organization. 
Forest disturbances, including timber harvesting, fires, wind, and other causes, can affect 
the availability and distribution of roost trees within roost networks (Chaverri et al. 2007, Perry 
et al. 2007). If roost trees are limited to the extent that extensive intraspecific niche overlap 
results in negative fitness, survival, or recruitment, then the net effect of forest disturbances to 
roost tree availability and disruption of roost networks and social organization of bats is an 
important bat management consideration. Roost niche overlap among bats is more likely to be 
intraspecific rather than interspecific, particularly among colonial species (Menzel et al. 1998, 
Carter and Feldhamer 2005, Lacki et al. 2009a, Timpone et al. 2010). During the maternity 
season, female northern myotis roost colonially in trees or snags with cavities or exfoliating bark 
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(Arnold 2007, Garroway and Borders 2007). The benefits of roosting together largely counter the 
potential negative effects of density dependence incurred by limited roost resources (Kerth 
2008). Indeed, for some bat species, colonial behavior may be driven more by physiological 
factors, reproductive status, and genetic relatedness than roost availability (Wilkinson 1985, 
Sedgeley and O’Donnell 1999, Chaverri et al. 2007). Nevertheless, if forest disturbances result in 
a short-term net gain in available roosts, roosting networks and social organization of northern 
myotis may be altered.  
Our study objectives were to (1) determine if northern myotis in the central Appalachian 
Mountains conform to non-random association patterns; (2) determine if northern myotis roost 
switching patterns resemble random or scale-free networks; and (3) examine the characteristics 
of roost trees within networks occurring in areas that were and were not disturbed by prescribed 
fire. We hypothesized that northern myotis would exhibit nonrandom association patterns, as 
observed by others (Garroway and Broders 2007). Females will roost together non-randomly in 
definable colonies and form scale-free networks of roost trees with a central node roost tree that 
is connected to more roost trees through bat movements. Further, we posit that central node roost 
trees will be physically similar to other roost trees in networks. Lastly, central node roost trees 
will be physically similar between stands that were and were not subjected to prescribed fire. 
Methods 
Study area 
We conducted our research at the Fernow Experimental Forest (FEF) in Tucker County, 
West Virginia (Fig. 1). The FEF is a 1,900 ha experimental forest managed by the U.S. Forest 
Service, Northern Research Station, and is located in the Unglaciated Allegheny Mountains 
subsection of the Appalachian Plateau Physiographic Province (Kochenderfer et al. 2007). 
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Elevations range from 530 to 1,100 m. Elklick Run, a 2.4-km fourth-order stream, roughly 
bisects FEF east to west. Approximately 5.5 km of dendritic intermittent and permanent streams 
feed into Elklick Run and incise the steep slopes and plateau-like ridgetops, providing all 
possible slope aspects (Madarish et al. 2002). Mean annual precipitation at FEF is 145.8 cm, 
ranging from 9.7 cm in October to 14.4 cm in June.  Mean annual temperature is 9.2º C, ranging 
from –18.0º C in January to 20.6º C in July (Kochenderfer 2006). Vegetation at the FEF is a 
mosaic of second- and third-growth, mixed-mesophytic and northern hardwood forest that has 
been managed by even (patch clearcut)- and uneven (single-tree selection variants)-aged 
silviculture since the mid-20th century, or has been left relatively undisturbed following initial 
harvesting in the Elklick watershed from 1903 to 1911 (Schuler and Fajvan 1999). Although 
American chestnut (Castanea dentata) and oak species, such as northern red oak (Q. rubra), 
historically dominated the forest overstory, the chestnut blight (Cryphonectria parasitica) and 
subsequent lack of intense disturbance, including fire and clearcutting, since the mid-20th century 
has allowed forest composition to shift toward shade-tolerant tree species, such as maples and 
American beech (Fagus grandifolia) (Schuler and Fajvan 1999, Schuler 2004). Prescribed fire 
has recently been used to promote oak regeneration in the forest that is currently dominated by 
sugar maple (A. saccharum), red maple (A. rubrum), yellow-poplar (Liriodendron tulipifera), 
black cherry (Prunus serotina), American beech, sweet birch (Betula lenta), and basswood (Tilia 
americana) (Schuler 2004). In April or May (depending on management compartment) 2007 and 
2008, prescribed fire treatments were conducted in management compartments 45 (121 ha), 13 
(13 ha), and 21 (12 ha) on FEF. The three management compartments were burned for 1 day 
during each treatment using a strip head fire technique, ignited with hand-held drip torches after 
fire-blackened perimeters were established. Due to variability in leaf litter, slope, and aspect, 
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actual fire conditions throughout varied from failed combustion to flame heights >3.5 m high. 
Additionally, 48, 20-m radius plots were randomly located in each of the three management 
compartments, and all overstory or midstory trees, other than oak or hickory, were herbicided or 
girdled (T. Schuler, USDA Forest Service, personal communication).   
Radio telemetry  
To capture bats, we erected mist nets (Avinet, Inc., Dryden, New York) over stream 
corridors, small pools, skidder trails, and service roads from May to August 2007 – 2009. Mist 
netting sites were located within the fire treatment and control treatment. We considered the 
control treatment to be any area outside the three management compartments where prescribed 
fires were used. Mist netting was conducted <5 hours following sunset, unless prevented by 
periods of rain, wind ≥20 kph, or temperatures <10° C as these conditions can influence bat 
activity levels. We used Skin Bond® (Smith and Nephew, Largo, Florida) surgical cement to 
affix a 0.35-g radio transmitter (Model LB-2N; Holohil Systems Ltd., Carp, Ontario, Canada) 
between the scapulae of captured female northern myotis. We attempted to locate diurnal roost 
trees of each transmittered bat on a daily basis until transmitter battery completely discharged or 
transmitter became detached from the bat. Bat capture and handling protocols were approved by 
the Animal Care and Use Committee of West Virginia University (Protocol No. 08-0504) and 
followed the guidelines of the American Society of Mammalogists (ACUC 1998). We used a 
radio receiver and 3-element Yagi antenna (Wildlife Materials, Inc., Murphysboro, Illinois) to 
locate roost trees. To record roost tree locations within 10 m of their true geographic location, we 
used a Garmin GPSmap 60CSx global positioning unit.  
Nonrandom association patterns 
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To determine if northern myotis roosted with nonrandomly with conspecifics, we used 
daily roosting location data for each transmittered bat. Similar to previous research examining 
nonrandom association patterns of bats, we calculated a half-weight association index for each 
pair (dyad) of transmittered bats (Cairns and Schwager 1987, Kerth and Konig 1999, Garroway 
and Broders 2007). The half-weight association index (HWI) was calculated as x/[0.5 × (na + nb)] 
where x is the number of days that bats a and b were roosting in the same tree on the same day, 
and na and nb are the number of days the roost trees of bats a and b were located, respectively 
(Bejder et al. 1998). For each year of data (2008 and 2009), we used SOCPROG 2.4 to compute 
HWI values for each dyad, resulting in an association matrix (Whitehead 2009). To determine if 
each dyad was observed roosting together more than expected as determined by a significantly 
high HWI value, we conducted 20,000 random permutations of each association matrix. We used 
a cluster analysis with average linkage clustering to assemble individuals into social groups. 
Only those dyads that exceeded the mean HWI + 1 standard deviation for all dyads within each 
year were considered to roost together more than expected. We evaluated cophenetic correlation 
coefficents to determine how well the cluster analyses represented data in the association matrix. 
The groups assembled with cluster analyses were used in subsequent roost network analyses. We 
used the 100% minimum convex polygon method to calculate roosting area of each social group 
for which ≥4 roost trees were located. Because transmitter retention time was low (mean ± 1 SE; 
5.5 ± 0.3 days), we were unable to perform meaningful analyses on the temporal nature of the 
fission-fusion dynamics that are known to be exhibited by northern myotis maternity colonies 
(Garroway and Broders 2007).  
Roost network analysis 
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 We used a graph theoretic approach to determine the relative importance of roost trees 
used by northern myotis social groups. For each social group defined through cluster analysis, 
we considered bat movements between roost trees on consecutive days to be edges in a roost 
network. Each roost tree was a node in a roost network linked to other roost trees in the network 
by edges (Fig. 1). For each roost tree, we determined the number of other roost trees to where it 
was linked (LINKS). For each social group or roost network with ≥3 roost trees, we determined 
which roost tree had the highest value for LINKS and denoted that tree as a central node. If 2 or 
more roost trees had identical values, those trees were both considered central nodes. To 
determine if roost networks followed random or scale-free network patterns, we examined the 
topology and degree distribution of LINKS in ArcMap (Version 9.2, Environmental Systems 
Research Institute, Redlands, California). 
Roost tree variables  
For each roost tree, we determined diameter (cm) at breast height with a diameter tape 
(DBH), decay class (Cline et al. 1980; i.e., 1 =  live, 2 = declining, 3 = recent dead, 4 = loose 
bark, 5 = no bark, 6 = broken top, 7 = broken bole; DECAY), crown class (Nyland 1996; i.e., 1 = 
suppressed, 2 = intermediate, 3 = codominant, 4 = dominant; CROWN), tree height (m) with a 
hypsometer (HEIGHT), visual estimate of percent bark remaining on the tree (BARK), and roost 
type (cavity = 1, bark = 0; ROOSTTYPE). We determined stand basal area with a 20 factor 
prism (m2 / ha; BASAL). We also noted if each roost tree occurred in areas that had recently 
been subjected to prescribed fire. 
Statistical analysis 
We used generalized additive models to determine how or if individual roost tree 
variables were associated with central node roost trees (Proc Gam; SAS Institute, Inc., 2004). 
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Before conducting the analyses, we examined all variable pairs for correlation. We removed a 
member of a variable pair before subsequent analyses if their Spearman’s rank (Proc Corr, SAS 
Institute, Inc., 2004) correlation coefficient was ≥0.60. We removed the variable that either was 
correlated with several other variables or potentially would be more difficult to replicate or 
implement when using the model to manage for northern myotis roost trees. For example, we 
retained crown class, a relative measure, and discarded actual roost tree height which varied 
among areas. Within each model, we predicted central node versus non-central node trees 
(binomial link function) using all physical roost tree variables (spline function) except 
ROOSTTYPE. We performed the analysis 2 times: for roost trees within fire treatments; and for 
roost trees outside of fire treatments. We used a chi-square test to determine if central and non-
central node roost trees were more disproportionately cavity or bark roost trees (ROOSTTYPE) 
within fire and control treatments (Proc Freq; SAS Institute, Inc., 2004). Lastly, we performed 
Mann-Whitney U-tests, comparing central node roost tree characteristics in prescribed fire and 
control treatments (Proc Npar1way; SAS Institute, Inc., 2004). Due to the exploratory nature of 
our study, we set threshold significance levels for the generalized additive models, chi-square 
tests, and Mann-Whitney U-tests at P ≤ 0.10. 
Results 
In 2008, we radio-tracked 32 female northern myotis to 64 roost trees. Mean HWI (± 1 
SD) was 0.024 (0.070), setting a threshold for significant association at 0.094. Cluster analysis 
placed the 32 bats into 16 social groups ranging in size from 1 to 5 individuals (Table 1, Fig. 2). 
Cophenetic correlation for the average linkage clustering method was 0.996. Groups roosted in 1 
to 11 roost trees; roost areas ranged from 0.39 to 14.77 ha (Table 1, Fig. 3). In 2009, we radio-
tracked 38 female northern myotis to 51 roost trees. Mean HWI (± 1 SD) was 0.084 (0.120), 
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setting a threshold for significant association at 0.204. The 38 bats were clustered into 11 social 
groups ranging in size from 1 to 12 individuals (Table 1, Fig. 4). Cophenetic correlation for the 
average linkage clustering method was 0.962. Groups roosted in 1 to 16 roost trees; roost areas 
ranged from 5.24 to 35.33 ha (Table 1, Fig. 3).  
Of the 18 social groups where a roost network was determined, 11 (61%) had a single 
central node roost tree according to the LINKS metric (Table 2). Central node roost trees were 
directly linked to 2–6 roost trees in roost networks comprised of 3–16 roost trees (Table 1). The 
majority of roost trees had 2 links, with fewer being linked to 3 or more roost trees, following the 
power law P(k) ≈ k -1.84, (r2 = 0.77) (Fig. 5). The number of bat days (number of bats × number of 
days) spent roosting in these trees ranged from 2 to 17. Within control treatments, the following 
predictor variable pairs were significantly (ρ > 0.60) correlated: CROWN, HEIGHT (ρ = -0.822); 
CROWN, DECAY (ρ = 0.644); DECAY, BARK (ρ = -0.702); DECAY, HEIGHT (ρ = -0.652). 
Within models, we retained CROWN and BARK. Central node roost trees were in early stages 
of decay and were surrounded by higher basal area than non-central node roost trees (Table 3, 
Fig 6). Non-central node roost trees were disproportionately cavity trees (χ2 = 3.214, P = 0.073).  
Within fire treatments, the following predictor variable pairs were significantly 
correlated: CROWN, HEIGHT (ρ = -0.828); DECAY, BARK (ρ = -0.670); DBH, HEIGHT (ρ = 
0.714). Within models, we retained CROWN, BARK, and DBH. Central node roost trees were 
small-diameter trees in lower crown classes, in stands of lower basal area (Table 3, Fig. 6). 
Central node roost trees were not disproportionately cavity trees or those with exfoliating bark 
(χ2 = 0.972, P = 0.324). Central node roost trees in fire treatments had higher bark coverage than 




 Northern myotis exhibited non-random association patterns, forming social groups nested 
within networks of roost trees across the landscape. Previous studies have shown that northern 
myotis roost non-randomly with conspecifics (Garroway and Broders 2007). Our research 
showed that northern myotis not only form social groups, but that these groups roosted in 
networks of roost trees that often centered around a central node roost tree. In temperate North 
America, it is common for female bats of some species to form non-randomly associating 
colonies during the summer maternity period (Willis and Brigham 2004, Garroway and Broders 
2007). Female bats and their female offspring are known to return to the same summer ranges 
yearly, a phenomenon that may or may not partially drive association patterns (Arnold 2007, 
Metheny et al. 2008). However, it is clear that some bats are more closely associated with other 
bats in terms of the characteristics of their spatio-temporal roosting patterns. Average half-
weight indices and group sizes of northern myotis in our study were similar to those in Nova 
Scotia, Canada (0.22; 2.89 bats/group; Garroway and Broders 2007). Several of the social groups 
in our study were larger than those in the Nova Scotia study, possibly a result of differences in 
sampling intensity or timing. Reproductive phase has been shown to affect group size and 
roosting associations (Garroway and Broders 2007), but the relatively short sampling effort, i.e., 
transmitter retention time, per bat in our study prevented us from determining trends. Regardless, 
we have shown that some individuals were more likely to roost with certain other individuals; 
and some individuals did not roost with other bats even though their roosting areas overlapped. 
Roosting areas of northern myotis social groups in our study also were similar to those 
found in Nova Scotia, Canada (0.3 – 31.1 ha; Henderson and Broders 2008). Largely confined to 
hilltops, the roosting areas of many northern myotis social groups in our study overlapped, with 
some being entirely enveloped by others. However, the roosting networks of social groups on 
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separate hilltops never overlapped. Roost trees were sometimes shared among social groups, but 
not to the extent that individuals from these groups were considered to belong to the same social 
group. Also, there was some degree of temporal partitioning among social groups using the same 
roost trees. The temporal difference in roost tree use has implications for the social and 
behavioral roles that these roost trees fulfill. Sharing roost trees on the same days provides 
certain benefits to roost mates, including thermal buffering and information exchange about 
roosting and foraging areas (Wilkinson 1985, Kerth and Reckardt 2003, Kerth 2008). 
Disadvantages associated with roosting in the same roost trees at the same time include exchange 
of parasites, disease, and perhaps fungal spores such as those linked with the lethal White Nose 
Syndrome (Geomyces destructicans; Wilkinson 1985, Fortuna et al. 2009). It may be possible 
that spores, parasite propagules or pupae may persist in roost trees in absence of roosting bats, 
although this remains to be investigated (Wilkinson 1985). Therefore, bats from different groups 
may not exchange information at roost trees; however, it is possible that use of the same trees 
still allows for the exchange of parasites and disease.  
Roost tree networks of northern myotis in our study did not fully mimic the perfect scale-
free networks observed in Tadarida australis in Queensland, Australia (Rhodes et al. 2006). 
Rather, the roost networks of some northern myotis social groups clearly centered on a central 
node roost tree; whereas the central node roost trees of other networks were more ambiguous. In 
a scale-free network, we would expect there to be a single central node roost tree, definable by a 
large number of links to other roost trees that had fewer links; the degree distribution follows a 
power curve. In a random network, the degree distribution follows a Poisson distribution 
(Barbási 2002, Rhodes et al. 2006). The combined northern myotis roost network degree 
distribution generally fit a power curve, but undoubtedly was confounded by smaller roost 
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networks consisting of few trees where the limited time period of our observations provided 
documentation on few links. This was largely due to short transmitter retention time, small group 
sizes, and resulted in networks consisting of few roost trees. Larger groups and longer transmitter 
retention times would have allowed us to better identify the full extent of the roost networks, 
degree distributions, and to specify single central node roost trees.  
Across the FEF landscape, central node roost trees differed from other roost trees within 
networks based on some physical characteristics of the trees themselves and surrounding stands. 
Within control treatments, central node roost trees were in earlier stages of decay, based on high 
amounts of bark coverage, and were surrounded by more basal area. Within control treatments at 
the FEF, northern myotis maternity colonies selected large cavity trees in early stages of decay, 
compared to randomly-located potential roost trees (Johnson et al. 2009). Within roost networks, 
non-central node roost trees typically were cavity trees, whereas central node roost trees were 
more evenly distributed between cavity trees and those with exfoliating bark. That central node 
roost trees typically were in early stages of decay indicates that northern myotis can locate newly 
formed snags and establish those trees as hubs within the roost networks. Trees in later stages of 
decay were connected to fewer trees in the network, possibly because these trees imminently 
would either decay to the point of unsuitability or collapse, rendering them less reliable nodes 
within the network. Whereas central node roost trees within control treatments typically had high 
amounts of bark coverage, those located in fire treatments had even higher amounts of bark 
coverage by comparison, which is consistent with the trend observed among available and used 
roost trees across control and fire treatments the FEF (Johnson et al. 2009).  
Within stands that were subjected to prescribed fire, central node roost trees were small-
diameter trees in lower crown classes, and in areas of lower basal area. This is largely in 
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agreement with overall roost tree selection within fire treatments at FEF (Johnson et al. 2009). 
Northern myotis maternity colonies roosted in small-diameter black locust trees (Robinia 
pseudoacacia) that were surrounded by less basal area than randomly-located trees. The 
persistence of black locust in the forest stand likely promotes the establishment of roost networks 
that persevere over time (Menzel et al. 2002, Ford et al. 2006, Johnson et al. 2009). Although 
central node roost trees typically were in lower crown classes, northern myotis at fire treatments 
at FEF selected trees in higher crown classes compared to those randomly-located trees (Johnson 
et al. 2009). Prescribed fire created a heterogeneous canopy layer, with gaps allowing solar 
exposure to reach trees being used as central node roost trees by northern myotis to be positioned 
in lower crown classes (Turner et al. 1994, Johnson et al. 2009). However, we do not know if 
roost networks and central node roost trees were similar before and after prescribed fire events.  
Potential disruption of roost networks, particularly those resembling scale-free networks, 
through forest disturbances such as fire can have consequences to bats in terms of roost selection 
and group fission-fusion dynamics (Boyles and Aubrey 2006, Johnson et al. 2009, Lacki et al. 
2009b). Disturbances to roost networks resembling random networks should have minimal 
effects on social organization because trees with the network are more similar in terms of use and 
connectivity compared to trees in scale-free networks. Canopy gaps created by the senescence of 
overstory trees killed by fire are exploited by northern myotis that roost in trees within these gaps 
(Johnson et al. 2009). Trees that may have been unsuitable as roosts for northern myotis may 
have been rendered suitable either through the changing of the physical characteristics of the tree 
itself such as increased exfoliating bark due to senescence or through changes in the stand 
condition surrounding the tree, e.g., frequent or larger canopy gap creation. These changes in 
roost tree availability may cause shifts in the roost network and central node roost tree to allow 
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northern myotis to exploit newly senesced trees in order to maximize use of these trees through 
time. Consequently, social organization may be reordered to adapt to the new networks 
depending on the reliability and speed of communication of roost conditions among roost mates 
and adjacent social groups. As social organization and roost networks change, so may the 
potential for disease transmission (Fortuna et al. 2009). If roost networks resembling scale-free 
networks are disrupted by the removal of roost trees either through natural disturbances such as 
windthrow or anthropogenic disturbances such as timber harvesting, social groups may fission 
into smaller groups until forests are restored to some semblance of former conditions. Also, if 
those roost trees that were shared between or among social groups are removed, both 
communication and disease transmission may be limited among groups. However, the roles that 
night-roosts play in terms of communication and disease transmission among bats remains 
unclear (Kunz and Lumsden 2003, Ormsbee et al. 2007). In scale-free networks, central node 
roost trees may serve as important centers of information and unfortunately, disease and parasite 
exchange. The removal of these trees from networks may either cause bats to establish their 
central node roost trees in other trees existing within the network. Also, that central node roost 
trees often were sites of overlap among social groups suggests that disturbance of these sites 
potentially could disrupt among-group communication and disease spread; this is an important 
consequence and potential management implication considering new disease threats such as 
WNS (Turner et al. 2001, Fortuna et al. 2009).  
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Table 1. Association measures, roost area, and central node roost tree metrics for social groups of northern myotis maternity colonies 
at the Fernow Experimental Forest, West Virginia, 2008–2009. 
Year Group Bats HWI a Roosts Roost area (ha) LINKS b CNRT c 
2008 A 1 – 1 – – – 
 B 1 – 1 – – – 
 C 1 – 4 1.70 2 2 
 D 1 – 4 0.39 2 2 
 E 1 – 3 – 2 1 
 F 2 0.28 ± 0.23 4 1.86 2 2 
 G 3 0.40 ± 0.17 11 5.65 2 7 
 H 1 – 1 – – – 
 I 1 – 2 – – – 
 J 4 0.45 ± 0.21 6 1.45 3 1 
 K 1 – 5 0.66 2 3 
 L 3 0.30 ± 0.02 10 13.42 4 1 
 M 1 – 1 – – – 
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 N 1 – 3 – 2 1 
 O 5 0.31 ± 0.12 9 10.04 5 1 
 P 5 0.35 ± 0.23 7 14.77 5 1 
  2.0 ± 1.5  4.5 ± 3.3 5.5 ± 5.7 2.9 ± 1.3 2.0 ± 1.8 
2009 Q 9 0.32 ± 0.17 16 23.25 6 1 
 R 2 0.66 ± 0.18 5 7.97 2 2 
 S 1 – 7 5.24 2 5 
 T 4 0.31 ± 0.09 11 35.33 6 1 
 U 1 – 1 – – – 
 V 5 0.40 ± 0.19 8 8.06 5 1 
 W 1 – 1 – – – 
 X 1 – 3 – 2 1 
 Y 1 – 1 – – – 
 Z 1 – 1 – – – 
 AA 12 0.44 ± 0.23 8 16.78 5 1 




a Mean (± 1 SD) half weight association index (HWI) of bat dyads within social groups. 
b Number of roost trees that bats moved to or from the central node roost tree. 
c Number of central node roost trees identified within each social group according to the maximum number of LINKS.
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Table 2. Number of central node roost trees according to 3 metrics for each social group of 
northern myotis at the Fernow Experimental Forest, West Virginia, 2008–2009. 
  Central node roost tree metrics 
Year Social group LINKS a MOVES b DAYS c 
2008 C 2 2 4 
 D 2 2 3 
 E 1 1 1 
 F 2 2 1 
 G 7 1 1 
 J 1 1 1 
 K 3 2 2 
 L 1 1 1 
 N 1 1 2 
 O 1 2 1 
 P 1 1 1 
 Mean (±1 SD) 2.00 (1.89) 1.40 (0.52) 1.70 (1.06) 
     
2009 Q 1 1 1 
 R 2 1 2 
 S 5 5 1 
 T 1 1 1 
 V 1 1 1 
 X 1 1 1 
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 AA 1 1 1 
 Mean (±1 SD) 1.71 (1.50) 1.57 (1.51) 1.14 (0.38) 
 
a Number of roost trees that bats moved to or from the central node roost tree. 
b Number of bat movements to or from the central node roost tree. 
c Number of bat days spent roosting in the central node roost tree.
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Table 3. Characteristics of central node roost trees of northern myotis maternity colonies in 
prescribed fire and control treatments at the Fernow Experimental Forest, West Virginia, 2008–
2009.  
Control treatment  Fire treatment 
Variable DF χ2 P  Variable DF χ2 P 
DBH 3.00 0.69 0.875  DBH 3.00 9.72 0.021 
CROWN 1.95 0.61 0.729  CROWN 1.98 5.15 0.075 
BASAL 3.00 7.28 0.064  BASAL 3.00 10.65 0.014 
BARK 3.00 11.15 0.011  BARK 3.00 2.07 0.558 
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Table 4. Characteristics of central node roost trees used by northern myotis maternity colonies in 
prescribed fire and control treatments at the Fernow Experimental Forest, West Virginia, 2008–
2009.  
 Fire treatment  Control treatment  
Variable Meana SE  Mean SE P 
CROWN 3.14 0.18  2.88 0.21 0.423 
DECAY 4.21 0.38  4.71 0.36 0.340 
DBH (cm) 21.01 1.55  34.85 5.16 0.153 
HEIGHT (m) 12.74 1.16  13.22 1.52 0.937 
BARK (%) 71.79 7.42  47.65 9.26 0.061 
BASAL (m2/ha) 29.84 2.66  34.02 2.43 0.546 
 




Fig. 1. Example of roost network of a northern myotis social group at the Fernow Experimental 




Fig. 2. Average linkage cluster analysis of non-randomly (half-weight association index >0.09) associating groups of northern myotis 




Fig. 3. Minimum convex polygons (100%) encompassing roost networks of northern myotis 




Fig. 4. Average linkage cluster analysis of non-randomly (half-weight association index >0.20) associating groups of northern myotis 
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Fig. 6. Relations of roost tree characteristics and central node roost trees of northern myotis 
maternity colonies in control (A) and prescribed fire (B) treatments at the Fernow Experimental 
Forest, West Virginia, 2008–2009, as determined by generalized additive models. Spline 
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Abstract 
 Forest disturbances, particularly permanent land use conversions, may fragment, isolate, 
and condense summer populations of philopatric bats, potentially resulting in genetically 
definable subpopulations. Also, subpopulations may be distinguishable at large spatial scales, 
regardless of forest disturbances and other land use conversions. We examined genetic 
structuring of the forest-interior dwelling northern myotis (Myotis septentrionalis) at multiple 
spatial scales, from watershed to regional, in West Virginia and New York. We genotyped 
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microsatellites at 18 nuclear loci from 174 individuals. In many cases, loci in subpopulations that 
we defined a priori based on spatial attributes often departed from Hardy-Weinberg equilibrium; 
those loci that were in equilibrium were inconsistent at differentiating subpopulations based on 
spatial scale. Our results indicate that some level of genetic structuring is evident among 
northern myotis, but this structuring could not be attributed solely to geographic location. It is 
likely that the ability to migrate relatively long distances, exploit small forest patches, and use 
networks of swarming sites located throughout the Appalachian Mountain range has allowed 
northern myotis to maintain high gene flow regardless of forest disturbances at local and regional 
spatial scales. 
Key words: genetic structuring, microsatellite, Myotis septentrionalis, New York, northern 
myotis, West Virginia 
Introduction 
 The role of genetics in management and conservation of wildlife populations has been a 
rapidly expanding segment of research that stresses the importance of maintaining genetic 
diversity among populations – bats are not an exception (Ashley 2003, Racey and Entwistle 
2003, Coltman 2008). The degree of genetic relatedness among bat populations typically is 
higher in sedentary species compared to regional or long-distance migratory species (Burland 
and Worthington Wilmer 2001, Fleming and Eby 2003). In some species, genetic relatedness 
among maternity colonies may be driven in large part by natal philopatry exhibited by female 
bats (Worthington Wilmer et al. 1994, Kerth et al. 2000, Burland and Worthington Wilmer 
2001). In this scenario, genetic relatedness is predominantly male-mediated (Burland and 
Worthington Wilmer 2001, Kerth et al. 2002). However, it is not always possible to genetically 
differentiate maternity colonies of sedentary species, even by geographic distances that are larger 
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than known migration distances (Burland et al. 1999, Arnold 2007, Metheny et al. 2008). 
Moreover, within the context of some fission-fusion dynamics, females within social subgroups 
may be from different matrilines, contributing to genetic diversity across the landscape 
(Gompper et al. 1997, Burland et al. 1999, Metheny et al. 2008). In most temperate zone 
cavernicolous bat species, genetic diversity is further augmented because mating occurs at 
hibernacula where individuals, potentially from different geographic areas, congregate to mate 
(Kerth et al. 2003, Veith et al. 2004). However, several endangered bat species, such as 
Bechstein’s bats (Myotis bechsteinii), do exhibit highly genetically structured (genetically 
distinct and definable) populations that are spatially separated, even at small spatial scales, and 
potentially vulnerable to losses of significant genetic information because of relatively small 
disturbances (Worthington Wilmer et al. 1994, Kerth et al. 2000, Burland and Worthington 
Wilmer 2001). 
 The degree of natal philopatry exhibited by female northern myotis (Myotis 
septentrionalis) is unclear, but may be similar to congeners that return to the same areas and 
roost trees in consecutive years (Barbour and Davis 1969, Lewis 1995, Caceres and Barclay 
2000). A higher degree of philopatry, i.e., negligible association among groups across the 
landscape, over time will be conducive to delineating groups genetically (Kerth et al. 2000, 
Burland and Worthington Wilmer 2001). Conversely, substantial homogenization of individuals 
across the landscape will create difficulties in delineating genetically distinguishable groups, 
notwithstanding spatial scale (Arnold 2007). Similar to other temperate bat species, dispersal in 
northern myotis may be male-biased, resulting in a higher degree of genetic variation in males 
than in females within an area (Kerth et al. 2000, Arnold 2007). 
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 At small spatial extents such as the forest stand level, it is unlikely that moderate forest 
disturbances that retain adequate roost trees, will result in genetically differentiable bat maternity 
colonies among forest patches (Kerth et al. 2000). However, permanent removal of roost trees 
could force colonies to relocate to remnant forest patches possibly already occupied by 
genetically-distinct colonies. Forest management practices create a spatio-temporal mosaic of 
forest structure and conditions that are continually in flux, undoubtedly forcing colonies to 
relocate, promoting mixing of maternity colonies. Conversely, relatively permanent forest 
removal for agricultural purposes or development, may create separations among genetically 
similar colonies or reinforce separations among colonies that existed prior to forest removal 
(Kerth et al. 2000). At large spatial extents, separation among colonies due to philopatry either 
with or without the influence of disturbance potentially creates conditions that are of interest if 
managing to maintain or enhance genetic diversity essential for the persistence of a species 
(Avise and Hamrick 1996, Ashley et al. 2003, Racey and Entwistle 2003).  
 Our objectives were to determine if northern myotis were genetically differentiable at the 
watershed, intra-county, and interstate spatial scales. Based on their widespread distribution, 
cosmopolitan forest habitat use, and purported male dispersal, we hypothesized that northern 




We conducted our research in Tucker County, West Virginia and Jefferson County, New 
York. Within Tucker County, we sampled four areas, including the Fernow Experimental Forest 
(FEF), Canaan Valley National Wildlife Refuge (CVNWR), Clover Run, and Olson (Fig. 1). 
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Tucker County is located in the Unglaciated Allegheny Mountains subsection of the Appalachian 
Plateau Physiographic Province (Kochenderfer et al. 2007). Elevations range from 530 to 1,100 
m throughout the county. Numerous intermittent and perennial dendritic streams incise the steep 
slopes and plateau-like ridgetops in the area (Madarish et al. 2002). Vegetation communities in 
Tucker County are a mosaic of second- and third-growth, mixed-mesophytic, northern 
hardwood, and subalpine forests. At the FEF, prescribed fire has recently been used to promote 
oak (Quercus spp.) regeneration in the forest that is currently dominated by sugar maple (A. 
saccharum), red maple (A. rubrum), yellow-poplar (Liriodendron tulipifera), black cherry 
(Prunus serotina), American beech (Fagus grandifolia), sweet birch (Betula lenta), and 
basswood (Tilia americana) (Schuler 2004). In April or May (depending on management 
compartment) 2007 and 2008, prescribed fire treatments were conducted in three management 
compartments, including John B. Hollow, totaling 146 ha. Additionally, 48, 20-m radius plots 
were randomly located in each of the three management compartments, and all overstory or 
midstory trees, other than oak or hickory (Carya spp.), were herbicided or girdled (T. Schuler, 
USDA Forest Service, personal communication). Big Springs Cave, a Priority 3 Indiana myotis 
(Myotis sodalis) hibernaculum, is in the southern portion of FEF, and is a known autumn 
swarming site for northern myotis (J. Johnson, unpublished data). The proximity of sites outside 
of FEF to swarming sites is unknown. However, Big Springs Cave is within migration distances 
for northern myotis at sampling sites in Tucker County.  
In Jefferson County, New York, we conducted our research at Fort Drum, a U.S. Army 
installation (about 630 km from the Tucker County sites). Fort Drum lies within the Mohawk 
subsection of the Appalachian Plateau Physiographic Province and foothills of the Adirondack 
Mountains. Forest composition is primarily northern hardwood forest dominated by oaks, elms 
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(Ulmus spp.), and black cherry (Dobony and Rainbolt 2008). Sampling occurred in the 
Cantonment area, which is largely developed for military purposes, but retains considerable 
acreage of mature forest stands. Elevation at Fort Drum ranges from approximately 130 – 200 m. 
Two caves, Priority 2 and 4 Indiana myotis hibernacula and known northern myotis hibernacula 
(and likely swarming sites) are ~15 km from Fort Drum (Fenton 1966). 
To capture bats, we erected mist nets (Avinet, Inc., Dryden, New York) over stream 
corridors, small pools, skidder trails, and service roads from May to August 2008 and 2009. Bat 
capture and handling protocols were approved by the Animal Care and Use Committee of West 
Virginia University (Protocol No. 08-0504) and followed the guidelines of the American Society 
of Mammalogists (ACUC 1998). 
DNA extraction and amplification 
We used 3 mm diameter biopsy punches to obtain tissue samples from each 
plagiopatagium of each captured northern myotis. Tissue samples were preserved in a lysis 
buffer solution (Longmire et al. 1997) or 95% ethanol in the field, and stored at 0° until further 
processing. All biopsy utensils were sterilized with alcohol and/or flamed between samples to 
avoid cross-contamination. We extracted genomic DNA from each tissue sample following 
standard established protocols (Appendix A). We tested 18 microsatellite loci based on markers 
that were developed for other bat species and from little brown myotis (Myotis lucifugus) 
(Castella and Ruedi 2000, Kerth et al. 2002, Trujillo and Amelon 2009). We used RepeatMasker 
software to parse the little brown myotis genome for di-, tri-, tetra-, and penta-nucleotide repeats 
totaling >100 base pairs (Smit et al. 2004). We used Primer3 (http://frodo.wi.mit.edu/primer3/) 
software to develop primer sequences for nine microsatellite loci located in the little brown 
myotis genome. Primer sequences for one locus (HBD111) were developed from the eastern red 
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bat (Lasiurus borealis) genome (Appendix B; J. Switzer, USGS, unpublished data). Each 
forward primer was labeled with 6-FAM, VIC, NED, or PET fluorescent dye (Appendix C). 
Polymerase chain reactions (PCR) were carried out in either 15.0 or 19.5 μl volumes on MJ 
Research Peltier Thermal Cyclers; and annealing temperatures were either 52° C or 58° C 
depending on loci (Appendix C). Moreover, PCR master mix reagent concentrations varied 
depending on loci, which were multiplexed when possible (Appendix C). We used an Applied 
Biosystems 3130xl Genetic Analyzer to determine allele base pair sizes for each locus among 
individuals. We used GeneMapper v4.0 to genotype individuals at the 18 nuclear microsatellite 
loci. We eliminated 3 loci that were either difficult to genotype due to single base pair repeats 
(HBD111) or failed to reliably amplify (134,  from little brown myotis genome, and D09, Trujillo 
and Amelon 2009). 
Statistical analysis 
 We partitioned our samples into nine hypothetical subpopulations based on geographic 
distances. Within the FEF, subpopulations were partitioned at the watershed level (John B. 
Hollow, Wilson Hollow, Watershed 6, Fork Pool, and Camp Hollow; Figure 1), with the 
assumption that bats captured within watersheds roosted within their respective watersheds, and 
potentially with family members (Kerth et al. 2000, Johnson et al. 2009). The remaining sites in 
Tucker County (CVNWR, Clover Run, Olson), were treated as separate subpopulations, as was 
Fort Drum. Distances between subpopulations within Tucker County ranged from 0.6 to 37.6 
km.  
We used GenePop (Raymond and Rousset 1995, Rousset 2008) to examine all loci for 
Hardy-Weinberg equilibrium (HWE) within each subpopulation. Because loci that significantly 
depart from HWE may be due to null alleles, selection operating at that locus, or that a 
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population is in genetic flux, we eliminated those loci from further analysis if P < 0.05 after 
sequential Bonferoni adjustment (Rice 1989). We used the remaining loci to determine if our 
subpopulations that were defined a priori were genetically differentiable. We used GenePop to 
examine fixation indices (FST) for all pairs of subpopulations. Further, we determined the 
significance of FST values by conducting 1,000 permutations of the data (Goudet et al. 1996). 
Significant FST values indicate that subpopulations are genetically differentiable using the 
examined suite of loci.  
Because a priori partitioning of our sample into subpopulations was based on geographic 
distances and was potentially arbitrary, we used program Structure to determine if the nine 
subpopulations we defined could be clustered into groups using genotype data (Pritchard et al. 
2000). We programmed Structure to probabilistically assign all individuals into a pre-defined 
number of clusters after 10,000 permutations of the data. We performed 10 iterations in our 
analyses of 1 to 9 clusters. For each cluster size, we averaged the estimated log likelihood 
probability of the data. We plotted the cluster size versus estimated log likelihood probability, 
and examined the graph for the cluster size with the highest log likelihood probability. We then 
examined output bar plots associated with the cluster size of highest log likelihood probability 
for evidence of individuals in our a priori groups being assigned into one or more clusters as 
defined by Structure. Assignment of a large proportion of individuals of an a priori 
subpopulation into the same cluster indicates potential structuring. 
We conducted all statistical analyses on 2 datasets; 1 that included all samples, and 1 that 
included only females. Northern myotis are known to exhibit male-biased dispersal (Arnold 





 We captured 266 northern myotis (141 males) among all sites. However, for our analyses, 
we used a 2-off dataset consisting only of individuals for which we were able to genotype ≥13 of 
15 loci, leaving us with 174 individuals (88 males). When analyzing all individuals, the loci in 
HWE in all subpopulations were 204, 487, b15, C09, F05, and F19 (Table 1). When analyzing 
only females, the loci in HWE in all subpopulations were 087, 089, 341, 487, b15, C09, E02, 
F05, and F19 (Table 2). Subpopulations consisting of a larger number of individuals typically 
had a larger number of loci that did not conform to HWE. All loci used in our analyses were 
polymorphic, consisting of ≥6 alleles (Appendix B). Within subpopulations and across all 
individuals, the mean number of alleles per locus ranged from 6.5 at CVNWR to 17.5 at John B. 
Hollow. Within subpopulations and across females only, the mean number of alleles per locus 
ranged from 3.8 at Olson to 12.6 at John B. Hollow and Camp Hollow. 
 Fixation indices indicated that some subpopulations were genetically differentiable from 
other subpopulations, but this differentiation could not be explained by geographic distance. 
When considering all individuals, the Camp Hollow subpopulation was different from the most 
subpopulations (Table 3). The Fort Drum subpopulation was different only from the John B. 
Hollow subpopulation, but only when considering all individuals regardless of sex (Table 3, 4).  
 Probabilistic assignment of all individuals resulted in them being grouped into 4 clusters 
(Figure 2). Although some individuals probabilistically belonged together in the 4 clusters 
(Figure 3), they were from different a priori subpopulations, including those from West Virginia 
and New York (Figure 4). Probabilistic assignment of only females resulted in them being 




 The general lack of genetic relatedness and structure at watershed and regional scales 
indicates that forest disturbances, including prescribed fire, at the scales we recognized will not 
disrupt northern myotis from an ecological genetics perspective. We detected no consistent 
differences between the disturbed John B. Hollow and adjacent watersheds. Genetic variation 
within subpopulations at the watershed scale was higher than that among subpopulations, similar 
to that observed in northern myotis in Ohio (Arnold 2007). Moreover, many loci in some 
subpopulations were not in HWE, possibly indicating that these subpopulations were still in a 
genetic flux. At the subpopulation level, male northern myotis contributed to overall allelic 
diversity, adding to the departure from HWE. The Camp Hollow subpopulation, which was the 
closest subpopulation at FEF to Big Springs Cave, consistently had the most loci that departed 
from HWE and was genetically differentiable from the most subpopulations. Big Springs Cave is 
a known autumn swarming site where mating of many bat species, including northern myotis 
occurs. During summer, male northern myotis are known to roost in proximity to Big Spring 
Cave in Camp Hollow, year round, possibly influencing our results (Ford et al. 2006). It is 
unknown if other sites, such as Olson, were as close to swarming sites as Camp Hollow was to 
Big Springs Cave, as doubtless there are many swarming sites in this karst area that are yet 
undiscovered or not monitored for northern myotis use. Also, it is unknown if genetic 
differentiation occurs at such a fine spatial scale that would allow proximity to swarming sites to 
influence genetic structuring.  
Similar to Indiana myotis, female northern myotis probably return to their natal roost 
areas during the summer maternity period (Kurta and Murray 2002, Kurta et al. 2002). Although 
this phenomenon may lead to highly genetically structured and discernable familial groups, as 
observed in Bechstein’s bats (Kerth et al. 2000), it may not be applicable to all species. 
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Individuals within fission-fusion societies of big brown bats showed no matrilineal relationship 
or relatedness (Metheny et al. 2008). Subpopulations in our study were defined based on where 
bats were captured that for the most part were the water sources located within the roosting 
ranges of fission-fusion groups (J. Johnson, unpublished data). Although defining subpopulations 
based on watersheds may seem capricious, radio-telemetry data on northern myotis maternity 
colonies in West Virginia indicate that they occupy small roosting ranges that often are isolated 
in single watersheds (Menzel et al. 2002, Johnson et al. 2009). Although we could reasonably 
posit that subpopulations may exist at the watershed scale based on philopatry and isolated 
roosting ranges, relatively low fixation indices among most subpopulations indicate that genetic 
differentiation at the watershed scale largely is inconsistent. 
There are several explanations as to why there is some apparent genetic structuring that 
exists in our sample, but cannot be wholly attributed to our definition of subpopulations based on 
watershed delineations and spatial proximity. The foundation of population genetics analysis 
based on microsatellites is the occurrence of shared alleles among individuals and that the loci at 
which these alleles occur are selectively neutral (Lowe et al. 2004). Therefore, some individuals 
in our sample that were members of different a priori subpopulations shared alleles to the extent 
of being considered related and in discernable subpopulations. However, individuals belonging 
to the same modeled subpopulations often were from West Virginia and New York, indicating 
that genetic relatedness was not associated with the spatial scales that we sampled. We analyzed 
some loci that were developed from the little brown myotis genome that may or may not be 
under selection; alleles at those loci may not be distributed among individuals wholly based on 
non-assortative mating. However, we observed no trends in allelic diversity at those loci among 
a priori subpopulations.  
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 The mating system of northern myotis certainly influences gene flow among 
subpopulations and our results indicate that sexes differed in degree of genetic structuring, i.e., 
differentiation among subpopulations. Sex-biased dispersal has been observed in northern 
myotis, with males exhibiting less genetic structure geographically than females (Arnold 2007). 
It has also been suggested that gene flow may be mediated in part by females, as observed in big 
brown bats (Eptesicus fuscus; Vonhof et al. 2008). It is likely that the mating system of northern 
myotis is similar to that of the little brown myotis in that non-assortative mating occurs at cave 
and mine swarming sites mostly during autumn, and to a lesser extent in spring (Myers 1964, 
Thomas et al. 1979). Bats may visit many swarming sites and mate with several bats during a 
single mating season, increasing gene flow potential (Fenton 1969, Kerth et al. 2003). 
Consequently, the network of swarming sites that exists in the Appalachian Mountains probably 
facilitates gene flow throughout this region, reducing our ability to attribute minor genetic 
differences to spatial proximity of hypothetical subpopulations (Griffin 1945). The ability to 
migrate long distances (~100 km) and exploit relatively isolated and small forest fragments 
within migrating distances mitigates the effects the forest disturbance from fragmentation, and 
consequent potential for genetic isolation (Caceres and Barclay 2000, Henderson et al. 2008, 
Johnson et al. 2008). Disturbance of a forest stand may cause philopatric bats to roost in adjacent 
forest stands, possibly adding allelic diversity to subpopulations that already existed in those 
stands. However, northern myotis in John B. Hollow, an area recently disturbed by two 
successive spring prescribed fire treatments and herbicide treatments since 2007, had the highest 
allelic diversity among a priori subpopulations (Johnson et al. 2009). Disturbance of forest 
stands should not disrupt  mate selection or swarming site selection as gene flow will continue 
uninterrupted, unless some disturbance event occur at the swarming location. It is unclear if 
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forest disturbances at swarming sites affect selection or use by mating bats. Therefore, contrary 
to the conclusions of Arnold (2007), forest disturbances at the stand level should have little, if 
any, role in the genetic structuring of northern myotis. 
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Table 1. Observed and expected (HO/HE) heterozygosity, and test for departure from Hardy-Weinberg equilibrium of 15 nuclear 
microsatellite loci for 9 a priori subpopulations of northern myotis (Myotis septentrionalis) in Tucker County, West Virginia and Fort 





(N = 41) 
Clover Run 
(N = 16) 
Canaan 
Valley NWR 
(N = 5) 
Fort Drum 
(N = 22) 
Wilson Hollow 
(N = 24) 
Fork Pool 
(N = 6) 
John B. Hollow 
(N = 36) 
Olson 
(N = 8) 
Watershed 6 
(N = 16) 
087 0.325/0.489* 0.500/0.627 0.600/0.733 0.429/0.587 0.375/0.504 0.000/0.303 0.500/0.656* 0.375/0.342 0.625/0.683 
089 0.763/0.972 0.875/0.978 1.000/0.964 0.773/0.973 0.826/0.968 0.500/0.955 0.727/0.955* 0.750/0.942 0.750/0.968 
204 0.700/0.942 0.875/0.933 0.600/0.911 0.790/0.916 0.792/0.934 0.667/0.909 0.861/0.948 0.875/0.925 0.750/0.942 
233 0.171/0.229* 0.125/0.123 0.000/0.000 0.286/0.308* 0.261/0.415* 0.000/0.303 0.206/0.242 0.125/0.342 0.250/0.431 
341 0.512/0.462 0.688/0.466 0.500/0.571 0.455/0.554* 0.167/0.479* 0.500/0.409 0.306/0.469 0.667/0.485 0.400/0.480 
439 0.343/0.856* 0.400/0.807 0.800/0.711 0.167/0.862* 0.150/0.850* 0.167/0.803 0.333/0.827* 0.125/0.825 0.357/0.878* 
487 0.732/0.845 0.875/0.837 0.800/0.844 0.682/0.877 0.652/0.856 0.667/0.788 0.750/0.824 0.625/0.825 0.875/0.895 
910 0.667/0.946* 0.400/0.908* 1.000/0.956 0.765/0.954 0.429/0.938* 0.667/0.924 0.406/0.952* 0.167/0.924 0.733/0.945 
b15 0.805/0.946 0.938/0.964 1.000/0.978 0.909/0.978 0.783/0.947 1.000/0.939 0.917/0.944 0.750/0.958 0.688/0.950 
C01 0.366/0.775* 0.375/0.740* 0.200/0.822 0.273/0.720* 0.458/0.738 0.333/0.652 0.333/0.640* 0.250/0.742 0.313/0.762* 
C09 0.868/0.882 0.875/0.823 1.000/0.822 0.810/0.899 0.917/0.834 0.833/0.909 0.829/0.837 0.875/0.750 0.750/0.929 
D02 0.539/0.920* 0.571/0.905 0.500/0.893 0.650/0.935 0.375/0.927* 0.167/0.864 0.781/0.946* 0.500/0.933 0.600/0.899 
E02 0.707/0.891 0.800/0.920* 1.000/0.889 0.909/0.889 0.667/0.901 0.833/0.909 0.722/0.889* 0.500/0.883 0.938/0.897 
F05 0.775/0.867 0.938/0.873 1.000/0.889 0.909/0.854 0.750/0.855 0.833/0.955 0.829/0.830 1.000/0.800 0.813/0.808 
F19 0.875/0.930 0.813/0.933 1.000/0.889 0.909/0.923 0.870/0.927 1.000/0.955 0.833/0.938 0.875/0.933 0.938/0.960 
 
* P < 0.05 after sequential Bonferroni correction 
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Table 2. Observed and expected (HO/HE) heterozygosity, and test for departure from Hardy-Weinberg equilibrium of 15 nuclear 
microsatellite loci for 9 a priori subpopulations of female northern myotis (Myotis septentrionalis) in Tucker County, West Virginia 





(N = 24) 
Clover Run 
(N = 6) 
Canaan 
Valley NWR 
(N = 3) 
Fort Drum 
(N = 5) 
Wilson Hollow 
(N = 9) 
Fork Pool 
(N = 6) 
John B. Hollow 
(N = 21) 
Olson 
(N = 3) 
Watershed 6 
(N = 9) 
087 0.375/0.558 0.500/0.667 0.667/0.800 0.400/0.644 0.400/0.513 0.000/0.303 0.524/0.571 0.667/0.600 0.667/0.667 
089 0.773/0.974 1.000/0.970 1.000/1.000 0.600/0.956 0.800/0.975 0.500/0.955 0.850/0.955 0.667/0.933 0.778/0.967 
204 0.609/0.923* 1.000/0.909 0.333/0.733 0.750/0.857 0.800/0.954 0.667/0.909 0.905/0.949 1.000/0.933 0.889/0.935 
233 0.208/0.305* 0.167/0.167 0.000/0.000 0.000/0.000 0.286/0.434 0.000/0.303 0.238/0.220 0.333/0.733 0.333/0.614 
341 0.583/0.479 0.833/0.530 0.500/0.500 0.600/0.556 0.200/0.517 0.500/0.409 0.333/0.452 1.000/0.667 0.375/0.492 
439 0.450/0.883* 0.500/0.833 0.667/0.800 0.250/0.893 0.250/0.801* 0.167/0.803 0.353/0.736* 0.000/0.800 0.375/0.908 
487 0.750/0.832 0.833/0.833 1.000/0.933 0.600/0.733 0.800/0.901 0.667/0.788 0.857/0.871 0.667/0.800 0.889/0.941 
910 0.708/0.952* 0.400/0.867 1.000/1.000 0.800/0.933 0.308/0.911* 0.667/0.924 0.316/0.940* 0.500/0.833 0.667/0.935 
b15 0.708/0.930 0.833/0.939 1.000/0.933 1.000/1.000 0.800/0.931 1.000/0.939 0.905/0.962 1.000/1.000 0.778/0.954 
C01 0.458/0.758* 0.500/0.818 0.333/0.867 0.200/0.689 0.467/0.802 0.333/0.652 0.333/0.630* 0.000/0.800 0.222/0.817* 
C09 0.826/0.865 0.833/0.848 1.000/0.867 1.000/0.889 0.933/0.818 0.833/0.909 0.850/0.824 1.000/0.867 0.667/0.928 
D02 0.478/0.897* 0.200/0.689 0.500/0.833 0.400/0.889 0.400/0.897* 0.167/0.864 0.684/0.937* 0.000/0.800 0.667/0.850 
E02 0.708/0.885 0.833/0.924 1.000/0.933 0.800/0.844 0.600/0.880 0.833/0.909 0.762/0.883 0.000/0.533 1.000/0.882 
F05 0.833/0.885 1.000/0.939 1.000/0.933 1.000/0.933 0.867/0.851 0.833/0.955 0.850/0.814 1.000/0.800 0.778/0.810 
F19 0.917/0.931 0.500/0.879 1.000/0.867 1.000/0.933 0.857/0.892 1.000/0.955 0.810/0.930 0.667/0.933 1.000/0.948 
 
* P < 0.05 after sequential Bonferroni correction 
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Table 3. Fixation indices between a priori subpopulations of northern myotis (Myotis septentrionalis) in Tucker County, West 















Pool John B. Hollow Olson 
Watershed 
6 
Camp Hollow 0.000         
Clover Run 0.001 0.000        
Canaan Valley NWR 0.004 0.007 0.000       
Fort Drum -0.001 0.001 0.011 0.000      
Wilson Hollow 0.006* 0.004 0.021* 0.002 0.000     
Fork Pool -0.003 -0.010 -0.011 0.001 0.004 0.000    
John B. Hollow 0.004* 0.003 0.014 0.005* -0.001 0.004 0.000   
Olson 0.013* 0.001 0.014* 0.014 0.003 0.004 0.009 0.000  
Watershed 6 0.001* 0.004 0.012 -0.007 0.002 -0.005 0.003* 0.010 0.000 
 
* indicates significance at P < 0.05 
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Table 4. Fixation indices between a priori subpopulations of female northern myotis (Myotis septentrionalis) in Tucker County, West 














Pool John B. Hollow Olson 
Watershed 
6 
Camp Hollow 0.000         
Clover Run -0.007 0.000        
Canaan Valley NWR -0.028 -0.014 0.000       
Fort Drum 0.001 -0.007 -0.039 0.000      
Wilson Hollow 0.015* -0.001 -0.002 -0.002 0.000     
Fork Pool 0.005* -0.008 -0.014 0.004 0.008 0.000    
John B. Hollow 0.006* 0.003 -0.026 -0.002 0.008* -0.002 0.000   
Olson 0.016 0.008 -0.014 -0.001 -0.003 0.005 -0.006 0.000  
Watershed 6 -0.004 -0.004 -0.022 -0.013 0.002 -0.001 -0.007 0.006 0.000 
 




Figure 1. A priori subpopulations of northern myotis in Tucker County, West Virginia and Fort 
Drum, New York, 2008–2009. FEF = Fernow Experimental Forest. 
Figure 2. Mean (± 1 SD) estimated log likelihood probability of all individual northern myotis 
(A) and only females (B) belonging to K clusters, based on genotype data collected from 
northern myotis in Tucker County, West Virginia and Fort Drum, New York, 2008–2009. 
Figure 3. Probabilistic assignment of all individual northern myotis into 4 clusters based on 
genotype data collected from northern myotis in Tucker County, West Virginia and Fort Drum, 
New York, 2008–2009. 
Figure 4. Probabilistic assignment of all individual northern myotis from 9 a priori 
subpopulations into 4 clusters based on genotype data collected from northern myotis in Tucker 
County, West Virginia and Fort Drum, New York, 2008–2009. CVNWR = Canaan Valley 






















































Appendix A. Procedure for extracting genomic DNA from bat wing punches. 
 
Cell Lysis 
1. Add 600 μl PureGene Cell Lysis Solution to each 1.5 ml tube 
2. Remove wing punch from vial and dry on Kimwipe before adding to Cell Lysis Solution 
(sterilize forceps between samples). 
3. Heat samples in oven for 30 minutes at 65°C. 
4. Homogenize with microfuge tube pestle (sterilize pestle between samples). 
5. Add 10 μl Proteinase K Solution (20 mg/ml) to the lysate and mix by inverting 25 times; 
incubate at 55°C overnight (water bath). Invert tube periodically during incubation. 
 
RNASE Treatment 
1. Add 3 μl RNaceIT to the cell lysate. 
2. Mix by inverting tube 25 times and incubate at 37°C for 30 minutes in oven. 
 
Protein Precipitation 
1. Cool sample to room temperature. 
2. Add 200 μl Protein Precipitation Solution to the RNase-treated cell lysate. 
3. Vortex for 20 seconds. Place in ice bath for 30 minutes. 
4. Centrifuge 13,000 for 10 minutes. The precipitated proteins will form a tight pellet. If the 
protein pellet is not visible or tight, repeat Step 3 followed by incubation on ice for 5 





1. Pour supernatant containing the DNA (leaving behind the precipitated protein pellet) into 
a 1.5 ml microfuge tube containing 600 μl 100% Isopropanol (2-propanol). 
2. Mix sample by inverting gently 50 times. Place in freezer for 30 minutes. 
3. Centrifuge at 13,000 for 10 minutes; depending on yield, the DNA may or may not be 
visible as a small white pellet. 
4. Pour off supernatant and drain tube on Kimwipe. Add 600 μl 70% Ethanol and invert the 
tube several times to wash the DNA pellet. 
5. Centrifuge at 13,000 for 10 minutes. Carefully pour off the ethanol. Pellet may be loose 
so pour slowly and watch pellet. 




1. Add 25 μl DNA Hydration Solution. 
2. Rehydrate DNA by incubating sample 1 hour at 65°C and overnight at room temperature. 
If possible, tap tube periodically to aid in dispersing DNA. 
3. Store DNA at 4°C. For long-term storage, store at -20°C or -80°C.
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Appendix B. Primer sequences, repeat motifs, number of alleles (A), observed base pair lengths for 15 nuclear microsatellite loci used 
for population genetics analysis of northern myotis (Myotis septentrionalis) in Tucker County, West Virginia and Fort Drum, New 
York, 2008–2009. (F: = forward primer; R: = reverse primer). 
 
Locus Primer sequences Repeat motif A Size range Source 
087 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(TTCTC)Y…(CT)Z 16 130–182 This study 
089 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(ATCT)X…(TATC)Y…(ATCT)Z 64 216–436 This study 
204 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(TAGA)X…(GATA)Y…(GATA)Z 34 153–285 This study 
233 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(TTTAT)V(TTATT)W(TATTT)X(ATTTT)Y…(ATTTT)Z 11 150–195 This study 
341 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(GATA)X…(TAGA)YT(GATA)Z 6 121–165 This study 
439 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(GATA)Y…(GATA)Z 14 177–225 This study 
487 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(GATA)Z 24 156–236 This study 
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910 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(GATA)W…(GATA)X…(GATA)Y(ATAG)Z 31 206–344 This study 
b15 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(CT)Y (CA)Z 43 106–178 Kerth et al. (2002) 
C01 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(TG)Z 14 330–366 Trujillo and Amelon (2009) 
C09 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(ATAG)V…(GATA)W(GAT)X(GATA)Y…(GATA)Z 20 154–230 Trujillo and Amelon (2009) 
D02 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(AC)X 23 187–232 Trujillo and Amelon (2009) 
E02 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(AC)Z 23 368–432 Trujillo and Amelon (2009) 
F05 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(AC)Z 19 294–332 Trujillo and Amelon (2009) 
F19 F: GTGGGTTTGATCCCTGATTG 
R: CACACCACCAGGCTGTCTAA 
(CA)Z 22 192–238 Castella and Ruedi (2000) 
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Appendix C. Polymerase chain reaction reagent concentrations and volumes, and annealing 
temperatures for 8 master mixes comprised of 18 nuclear microsatellite loci used to determine 
genetic differentiation of northern myotis (Myotis septentrionalis) in Tucker County, West 
Virginia and Fort Drum, New York, 2008–2009. 
 








A (52° C) dH20 –  – 0.55 
 5X buffer 5X 1.60 X 4.80 
 MgCl2 25mM 3.75 mM 2.75 
 dNTP 10mM 0.32 mM 2.25 
 BSA 5 units/ul 0.33 units/ul 0.40 
 487 F (6-FAM) R a 5uM 0.23 uM 0.10 
 910 F (VIC) R a 5uM 0.23 uM 0.26 
 b15 F (NED) R a 5uM 0.20 uM 0.45 
 204 F (PET) R a 5uM 0.20 uM 0.45 
 Taq polymerase 5 units/ul 0.08 units/ul 0.24 
 Template ~20 ng/ul ~20.00 ng/ul 1.50 
     
B (58° C) dH20 –  – 2.68 
 5X buffer 5X 1.60 X 4.90 
 MgCl2 25mM 3.75 mM 5.00 
 dNTP 10mM 0.32 mM 2.50 
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 BSA 5 units/ul 0.33 units/ul 0.40 
 HBD111 F (6-FAM) R a 5uM 0.23 uM 0.45 
 439 F (VIC) R a 5uM 0.23 uM 0.15 
 087 F (NED) R a 5uM 0.20 uM 0.30 
 F19 F (PET) R a 5uM 0.20 uM 0.20 
 Taq polymerase 5 units/ul 0.08 units/ul 0.32 
 Template ~20 ng/ul ~20.00 ng/ul 1.50 
     
C (58° C) dH20 –  – 1.81 
 5X buffer 5X 1.60 X 5.00 
 MgCl2 25mM 3.75 mM 2.50 
 dNTP 10mM 0.32 mM 2.25 
 BSA 5 units/ul 0.33 units/ul 0.40 
 134 F (VIC) R a 5uM 0.20 uM 0.15 
 D09 F (NED) R a 5uM 0.45 uM 0.30 
 Taq polymerase 5 units/ul 0.08 units/ul 0.24 
 Template ~20 ng/ul ~20.00 ng/ul 1.50 
     
D (58° C) dH20 –  –  
 5X buffer 5X 1.60 X 5.00 
 MgCl2 25mM 3.75 mM 2.50 
 dNTP 10mM 0.32 mM 2.25 
 BSA 5 units/ul 0.33 units/ul 0.40 
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 C09 F (VIC) R a 5uM 0.23 uM 0.30 
 F05 F (NED) R a 5uM 0.20 uM 0.60 
 Taq polymerase 5 units/ul 0.08 units/ul 0.32 
 Template ~20 ng/ul ~20.00 ng/ul 1.50 
     
E (58° C) dH20 –  – 2.26 
 5X buffer 5X 1.60 X 4.80 
 MgCl2 25mM 3.75 mM 2.75 
 dNTP 10mM 0.32 mM 2.25 
 BSA 5 units/ul 0.33 units/ul 0.40 
 233 F (6-FAM) R a 5uM 0.20 uM 0.20 
 C01 (VIC) R a 5uM 0.45 uM 0.20 
 Taq polymerase 5 units/ul 0.08 units/ul 0.24 
 Template ~20 ng/ul ~20.00 ng/ul 1.50 
     
F (58° C) dH20 –  – 5.83 
 5X buffer 5X 1.60 X 5.00 
 MgCl2 25mM 3.75 mM 2.50 
 dNTP 10mM 0.32 mM 2.25 
 BSA 5 units/ul 0.33 units/ul 0.40 
 341 F (6-FAM) R a 5uM 0.20 uM 0.60 
 E02 (6-FAM) R a 5uM 0.45 uM 0.20 
 089 (6-FAM) R a 5uM 0.45 uM 0.34 
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 Taq polymerase 5 units/ul 0.08 units/ul 0.24 
 Template ~20 ng/ul ~20.00 ng/ul 1.50 
     
G (58° C) dH20 –  – 6.91 
 5X buffer 5X 1.60 X 5.00 
 MgCl2 25mM 3.75 mM 2.50 
 dNTP 10mM 0.32 mM 2.25 
 BSA 5 units/ul 0.33 units/ul 0.40 
 D02 F (6-FAM) R a 5uM 0.20 uM 0.60 
 Taq polymerase 5 units/ul 0.08 units/ul 0.24 
 Template ~20 ng/ul ~20.00 ng/ul 1.50 
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Despite the potential for prescribed fire and natural wildfire to increase snag abundance 
in hardwood forests, few studies have investigated fire effects on bat roosting habitat, 
particularly the endangered Indiana myotis (Myotis sodalis). From 2004 to 2009, we examined 
roost selection of Indiana myotis in burned and unburned forests in Tucker County, West 
Virginia. We radio-tracked 16 male and 1 female Indiana myotis to 54 roost trees; 17 in burned 
stands and 37 in unburned stands. In burned stands, Indiana myotis roosted exclusively in fire-
killed maples (Acer spp.). In unburned stands, they roosted in live hickories (Carya spp.), oaks 
(Quercus spp.), and maples. Roost trees in burned stands were surrounded by less basal area and 
by trees in advanced stages of decay with larger canopy gaps than at randomly-located potential 
roost trees in burned stands or actual roost trees located in unburned stands. Compared to 
randomly-located potential roosts in unburned stands, roost trees in unburned stands were less 
decayed, had higher percent bark coverage, and were surrounded by less basal area, also 
resulting in larger canopy gaps. Roost-switching frequency and distances moved by Indiana 
myotis among roost trees were similar between burned and unburned stands. Indiana myotis 
roosted in stands that had initially been burned 1–3 years prior to our observations. Our research 
indicates that use of fire for forest management purposes, at minimum provoked no response 
from Indiana myotis in terms of roost tree selection, but rather created additional roost resources, 
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INTRODUCTION 
Formerly discouraged as a forest management practice in many hardwood forest types, 
use of prescribed fire has gained increasing acceptance among managers as a tool to help 
regenerate and retain hard-mast producing species such as oaks (Quercus spp.) and hickories 
(Carya spp.) in the Appalachian Mountains and Central Hardwoods forest regions, respectively 
(Brose et al. 1999, 2006). Competitors of hard-mast producing tree species, such as maples (Acer 
spp.) and yellow-poplar (Liriodendron tulipifera) are fire-sensitive. Often, these species are 
injured or killed during forest fires, creating better under- and mid-story conditions, i.e., 
increased solar radiation, for extant and future oak regeneration to succeed in the next stand 
following regeneration or be in a position to capture current canopy gaps (Brose et al. 2001, 
Nowacki and Abrams 2008). Although the effects of fire have been examined mostly from a 
forest management perspective regionally, its role is often overlooked relative to life histories 
and developing management strategies for wildlife species (Brennan et al. 1998), especially in 





Depending upon season, severity and micro-site conditions, fire can result in an increased 
abundance of senescent trees, which typically has positive implications for tree-dwelling wildlife 
species with an affinity for snags (Tucker et al. 2004, Blake 2005, Boyles and Aubrey 2006, 
Hayes and Loeb 2007).  Bats in temperate forests are no exception, as recent research indicates 
that prescribed fires alter forest structure in a way that is favorable to bats that roost in tree 
cavities or under exfoliating bark (Boyles and Aubrey 2006, Johnson et al. 2009, Lacki et al. 
2009). Fire can create additional snags in a forest stand, as well as favorable micro-site 
conditions through the enlargement of canopy gaps (Johnson et al. 2009). Canopy gaps created 
or enlarged by the senescence of fire-killed overstory trees allow more solar radiation to reach 
roost trees. Whereas empirical data exist indicating that fire positively affects roosting habitat of 
common species such as evening bats (Nycticeius humeralis) and northern myotis (Myotis 
septentrionalis), no work has specifically examined this condition relative to roost selection and 
habitat of the federally-endangered Indiana myotis (M. sodalis) (MacGregor et al. 1999, 
Gumbert 2001, Dickinson et al. 2009). 
 The geographic range of the Indiana myotis largely overlaps the oak-dominated forest 
communities in the Midwest, mid-Atlantic, and northeastern United States (Braun 1950, 
Thomson 1982). Past Indiana myotis population declines have been attributed to human 
disturbance of hibernacula during winter, environmental pollution and loss of summer habitat 
(i.e., forests) (Menzel et al. 2001, USFWS 2007).  Recent population stabilization and in some 
cases modest population increases are being reversed at present by the rapidly spreading enzootic 
white-nose syndrome (WNS). This pathogen has reduced Indiana bats and other Myotis species 
by >75% where outbreaks have occurred (USFWS 2009, E. Britzke, US Army Corps of 





focused largely on protection of hibernacula (Clawson 2002, USFWS 2007, 2009). Although 
protection of hibernacula is undoubtedly important, the full range of habitats used by bats during 
all seasons must be taken into account when considering conservation and management 
strategies to ensure the perpetuation of the species (Menzel et al. 2001). Indeed, following 
population declines due to WNS, protection of critical summer maternity habitat will be 
imperative for species recovery. Many studies have focused on characteristics of Indiana myotis 
summer roosting habitat, and fewer have examined spring and autumn roosting habitat (Menzel 
et al. 2001, Brack 2006, Britzke et al. 2006, Carter 2006). Regardless of season, Indiana myotis 
generally select large-diameter trees, roosting under exfoliating bark of either snags or live trees, 
particularly shagbark hickory (C. ovata) (Callahan et al. 1997, MacGregor et al. 1999, Gumbert 
2001, Menzel et al. 2001, Ford et al. 2002). Although roost trees have been documented in areas 
subjected to prescribed fire by previous researchers, it is unclear if the Indiana myotis actually 
roosted in fire-killed trees (MacGregor et al. 1999). Indiana myotis are known to return to the 
same areas (and sometimes roost trees) in successive summers (Gumbert et al. 2002, Kurta and 
Murray 2002, Kurta et al. 2002, Johnson and Gates 2010). Forest alterations and consequent 
changes in summer roosting habitat due to fire therefore can have lasting impacts on local bat 
populations. For example, fire may negatively impact Indiana myotis roosting habitat through a 
reduction in roost resources or by creating unsuitable conditions at existing roost trees. 
Alternatively, fire may disturb a forest stand in a way similar to that in flooded forests, where 
snag abundance increases several-fold over preexisting conditions, thereby providing additional 
roosting resources for Indiana myotis (Kurta et al. 1996, Carter 2006). 
Current recovery efforts and planning documents do not address the use of prescribed fire 





may create favorable roosting conditions for Indiana myotis, similar to that observed with more 
common species (Carter and Feldhamer 2005). Indeed, fire might be an effective tool to foster 
recovery of this species, as Indiana myotis may benefit from additional snags and canopy 
disturbances provided by active management (Carter 2006, Keyser and Ford 2006). However, it 
is unclear what the minimum threshold roost tree density is for Indiana myotis occupancy, 
although recommendations of up to 64 potential roosts per ha have been proposed (Gardner et al. 
1991, Menzel et al. 2001). Also, an increase in the availability of roost trees may not necessarily 
result in increased use (Menzel et al. 2001). Non-random selection of roosts, roost switching 
frequency, and distance traveled between successive roosts are indicators of roost availability, 
but have not been well researched in the eastern United States (Wilkinson 1985, Crampton and 
Barclay 1998, Sedgeley and O’Donnell 1999, Kunz and Lumsden 2003, Chaverri et al. 2007).  
Our objectives were to: (1) compare roost tree selection of Indiana myotis in forest stands 
subjected to fire (wildfire and prescribed burning) and in unburned stands in the central 
Appalachian Mountains based on the physical characteristics of roost trees and potential roost 
trees, and (2) examine roost tree abundance and availability by comparing roost-switching 
frequency and distances traveled between successive roosts located in burned and unburned 
forest stands. Consistent with other bat species in the region and existing ecological observations 
of the Indiana myotis, we predicted that Indiana myotis would select roost trees within forest 
gaps created by fire, and that roost-switching frequency would be higher and distances travelled 








MATERIALS AND METHODS 
Study Area 
We conducted our research at the Fernow Experimental Forest (FEF) and the Petit Farm 
in Tucker County, West Virginia (Fig. 1). The FEF is a 1,900 ha experimental forest managed by 
the U.S. Forest Service, Northern Research Station. The Petit Farm is located on private land, 
approximately 8 km southeast of FEF. Both areas are located in the Unglaciated Allegheny 
Mountains subsection of the Appalachian Plateau Physiographic Province (Kochenderfer et al. 
2007). Elevations range from 530 to 1,100 m at FEF and 750 to 1,000 m at the Petit Farm and to 
nearly 1,300 m on portions of the surrounding national forest. On the FEF, Elklick Run, a 2.4-km 
fourth-order stream, roughly bisects the area east to west. Approximately 5.5 km of dendritic 
intermittent and permanent streams feed into Elklick Run and incise the steep slopes and plateau-
like ridgetops, providing all possible slope aspects (Madarish et al. 2002). The Petit Farm 
contains several first- and second-order streams that drain into Glady Fork. Slopes are less steep 
at Petit Farm than at FEF. Overall mean annual precipitation in the area is 145.8 cm, ranging 
from 9.7 cm in October to 14.4 cm in June. Mean annual temperature is 9.2º C, ranging from -
18.0º C in January to 20.6º C in July (Kochenderfer 2006). Vegetation at FEF and Petit Farm 
largely is a mosaic of second- and third-growth, mixed-mesophytic and northern hardwood 
forest. Forests on the FEF, largely resembling those in the surrounding region, have been 
managed by even (patch clearcut)- and uneven (single-tree selection)-aged silviculture since the 
mid-20th century, or has been left undisturbed following initial harvesting in the Elklick 
watershed from 1903 to 1911 (Schuler and Fajvan 1999). On the Petit Farm, small portions of 
the forests at lower-elevations were cleared for pastoral grazing and hay production, but recent 





Northern red oak (Q. rubra), black cherry (Prunus serotina), and sugar maple (A. saccharum) 
equal of greater than 46 cm minimum diameter were harvested, whereas red maple (A. rubrum) 
of all sizes were not. In March 2003, an escaped campfire burned through a portion of the forest 
stand that had been diameter-limit harvested in 2001 at the Petit Farm, and onto the adjacent 
Monongahela National Forest. Fire intensity was variable as well, but flame heights and residual 
overstory mortality was greater than that observed at FEF, in large part due to abundant downed 
tops and slash from the recent logging. American chestnut (Castanea dentata) and oak species, 
such as northern red oak, historically were significant components the forest overstory at both 
areas.  The chestnut blight (Cryphonectria parasitica) and subsequent fire suppression, white-
tailed deer (Odocoileus virginanus) herbivory, and use of uneven-aged harvesting systems with 
no regard for regeneration has allowed forest composition to shift toward shade-tolerant tree 
species, such as maples and American beech (Fagus grandifolia) (Schuler and Fajvan 1999, 
Schuler 2004). At the FEF, prescribed fire recently has been used to promote oak regeneration in 
stands currently dominated by sugar maple, red maple, yellow-poplar (Liriodendron tulipifera), 
black cherry, American beech, sweet birch (Betula lenta), and basswood (Tilia americana) 
(Schuler 2004). In spring 2007–2009, prescribed fire treatments were conducted in management 
compartments 45 (121 ha), 13 (13 ha), and 21 (12 ha) on FEF (Fig. 1). The compartments were 
burned using strip head-fires, ignited with hand-held drip torches. Actual flame heights and 
combustion varied from immediately dying out to >3.5 m high in some spots, due to great 
variability in leaf litter, slope, and aspect. Additionally, 48, 20-m radius plots were randomly 
located in each of the three management compartments, and all overstory or midstory trees, other 
than oak or hickory species, were treated with herbicides or girdled (T. Schuler, USDA Forest 





 From spring through autumn, the extant bat community consists of northern myotis, little 
brown myotis (M. lucifugus), big brown bats (Eptesicus fuscus), tri-colored bats (Perimyotis 
subflavus), eastern red bats (Lasiurus borealis), silver-haired bats (Lasionycteris noctivagans), 
and hoary bats (Lasiurus cinereus) (Owen et al. 2004, Ford et al. 2005). A small number of 
Indiana myotis and endangered Virginia big-eared bats (Corynorhinus townsendii virginianus) 
that hibernate in cave systems on or near both FEF and the Petit Farm remain in the area during 
summer (Owen et al. 2001, Ford et al. 2002). 
Radio telemetry 
We captured bats in mist nets (Avinet, Inc., Dryden, New York) erected over stream 
corridors, small pools and ponds, skidder trails, and service roads during summer 2004–2006 at 
the Petit Farm and 2008–2009 at FEF. During autumn 2007–2008 at FEF, we used a harp trap to 
capture bats during the autumn swarm at Big Springs Cave, an Indiana myotis hibernaculum. For 
each captured bat, we determined species, sex, age, weight, forearm length, and reproductive 
condition (Menzel et al. 2002). We used Skin Bond® (Smith and Nephew, Largo, Florida) 
surgical cement to affix a 0.35-g radio transmitter (Model LB-2N; Holohil Systems Ltd., Carp, 
Ontario, Canada) between the scapulae of captured Indiana myotis. Bat capture and handling 
protocols were approved by the Animal Care and Use Committee of West Virginia University 
(Protocol No. 08-0504) and followed the guidelines of the American Society of Mammalogists 
(ACUC 1998). We used a radio receiver and 3-element Yagi antenna (Wildlife Materials, Inc., 
Murphysboro, Illinois) to locate roost trees. To record the geographic locations of roost trees, we 
used global positioning units (various models).  





We measured the physical characteristics of each roost tree and, using a point-quarter 
sampling method, the 4 trees (>10 cm dbh) nearest to the roost tree, as well as the site at which 
the roost tree was located. Measurements were taken within a few weeks of the bat roosting in a 
tree. For each roost tree, we determined tree species, diameter (cm) at breast height with a 
diameter (dbh) tape (DBHR), decay class (Cline et al. 1980; i.e., 1 =  live, 2 = declining, 3 = 
recent dead, 4 = loose bark, 5 = no bark, 6 = broken top, 7 = broken bole; DECAYR), crown 
class (Nyland 1996; i.e., 1 = suppressed, 2 = intermediate, 3 = codominant, 4 = dominant; 
CROWNR), tree height (m) with a hypsometer (HEIGHT), roost height when known 
(ROOSTHGHT), and visually estimated percent bark remaining on the tree (BARK). For each of 
4 trees nearest to the roost tree, we determined tree species, diameter (cm) at breast height 
(DBHN), distance (m) to the roost tree (DISTN), decay class (DECAYN), and crown class 
(CROWNN), all of which were averaged for the 4 trees irrespective of species. We measured 
percent canopy gap either with a densiometer or through photographic methods (Johnson et al. 
2009; GAP). We recorded aspect (ASPECT) with a compass, percent slope (SLOPE) with a 
clinometer at the plot (11.3 m radius centered on the roost tree), and stand basal area with a 20 
factor prism (m2 / ha; BASAL). 
Within burned and unburned areas, we located potential roost trees at random coordinates 
generated with ArcMap (Version 9.2, Environmental Systems Research Institute, Redlands, 
California). We considered unburned areas to be any area outside the three management 
compartments on FEF where prescribed fires were used or the forest stand on the Petit Farm 
where the wildfire occurred. Potential roost trees were identified as any tree (>10 cm diameter at 





described by Menzel et al. (2001). We measured the same variables at the potential roost trees as 
we did at the actual roost trees.  
In ArcMap, we determined the elevation (ELEV) for each roost tree and each roost tree’s 
distance from the closest permanent water source (WATER). We also used ArcMap to determine 
distances that bats moved among successive roost trees. 
Statistical analysis 
We used the Mann-Whitney test (Proc Npar1way, SAS Institute, Inc. 2004) to make the 
following comparisons of tree and site characteristics: (1) roost trees located within burned areas 
to those in unburned areas; (2) roost trees in burned areas to potential roost trees in burned areas; 
(3) roost trees in unburned areas to potential roost trees in unburned areas; and (4) roost trees 
used in autumn to those used in summer. We used a Fisher’s Exact Test (Proc Freq, SAS 
Institute, Inc. 2004) to determine if roost trees were more frequently located on any slope 
aspects. We also used a Mann-Whitney test to compare the frequency that Indiana myotis 
switched roosts (as measured as the number of consecutive days spent in a roost tree, between 
burned and unburned areas) and to compare distances (m) travelled between consecutive roost 
trees in the burned and unburned areas.  
RESULTS 
From 2004 to 2009, we captured and radio-tracked 16 Indiana myotis (1 female, 15 
males), and located 51 roost trees (24 at FEF and 27 at the Petit Farm); 17 in burned areas and 37 
in unburned areas. Eleven of the bats were captured and tracked to roosts during summer (May–
August). All roost trees used by bats captured at FEF during the autumn swarm were located on 
or near FEF except 1 roost located on the Petit Farm, approximately 9 km from Big Springs Cave 





maple snags. In unburned areas, Indiana myotis roosted in a variety of live tree species, 
predominately hickories, oaks, and maples (Table 1). The single female Indiana myotis that we 
tracked roosted in a large-diameter (31.0 cm)  , fire-killed red maple with about 45 other bats, 
presumably also Indiana myotis (A. Stump, USDA Forest Service, pers. comm.). At FEF and the 
Petit Farm, some Indiana myotis roosted in fire-killed trees in stands that had initially been 
burned 1–3 years prior to our observation (Table 1).  
Roost trees in burned stands were surrounded by less basal area and by trees in more 
advanced stages of decay, resulting in larger canopy gaps than at randomly-located potential 
roost trees in burned stands and at roost trees located in unburned stands (Table 2). Compared to 
randomly-located potential roost trees in unburned stands, roost trees in unburned stands were 
less decayed, had higher percent bark coverage, and were surrounded by lower basal area, 
resulting in larger canopy gaps (Table 2). In burned areas, roost trees were more frequently 
located on south-facing slopes (P = 0.043). In unburned areas, roost trees were more frequently 
located on west- and south-facing slopes (P = 0.014). Compared to summer roost trees, roost 
trees used in autumn had a higher percentage of bark coverage, were surrounded by greater basal 
area and by trees that were larger in diameter and less decayed, resulting in smaller canopy gaps 
surrounding these trees (Table 2). Roost trees used in summer were closer to water and on 
gentler slopes than roost trees used in autumn (Table 2).   
Roost-switching frequency was similar (P = 0.945) between burned (mean = 1.25 days, 
SE = 0.25, switched every 1–4 days) and unburned areas (mean = 1.08 days, SE = 0.06, switched 
every 1–2 days). Distances that Indiana myotis moved among roost trees was similar (P = 1.000) 
between burned (mean = 219.62 m, SE = 49.65, range = 21–435 m) and unburned (mean = 






Our observations indicate that Indiana myotis will respond favorably to structural 
changes in forests caused by fire. The characteristics of roost trees and surrounding trees in 
burned areas were important in roost selection. Typically, Indiana myotis roost under the 
exfoliating bark of live trees such as shagbark hickory or senescent trees that are taller and larger 
in diameter than surrounding trees (Menzel et al. 2001). Burning created additional roost trees as 
the bark of live trees tends to peel away from the sapwood from heated sap in the 
phloem/cambium layer. We observed Indiana myotis roosting in spaces under exfoliating bark of 
fire-killed trees, primarily sugar and red maples, species particularly susceptible to fire-induced 
damage or mortality (Brose et al. 1999). Within burned areas, Indiana myotis selected trees that 
were taller and larger in diameter, similar to that reported by others (Menzel et al. 2001). Roost 
trees were surrounded by trees that were in more advanced stages of decay, possibly providing 
additional roosting structure. Also, the senescence of roost trees and surrounding trees resulted in 
an enlarged canopy gap, allowing more solar radiation to reach the roost tree (Johnson et al. 
2009). Roost trees in summer and autumn occurred mostly on southern or southwestern slopes, 
augmenting solar exposure. 
Roost trees in unburned areas occurred in naturally-existing canopy gaps. However, roost 
trees were less decayed than random trees in unburned areas, and were comprised of a larger 
number of species than in burned areas. Although we did not investigate tree species selection, 
the diversity of tree species used in unburned areas was more typical of previous observations of 
Indiana myotis roosts (Menzel et al. 2001). In unburned areas, Indiana myotis selected trees 
surrounded by less basal area than randomly-located trees, and occurred in large canopy gaps. In 





mean canopy gap size over roost trees in burned areas and those used during summer were 
>30%, but it remains unclear if enlarged canopy gaps such as those in burned areas provide 
actual fitness benefits for Indiana myotis beyond roost use in unburned areas. Also, because our 
study included data from only 1 female Indiana myotis, we were unable to make any substantive 
male-female roost selection comparisons. Nonetheless, the characteristics of roost trees used by 
males in our study are very similar to those reported for Indiana myotis maternity colonies 
elsewhere within the species’ distribution (Menzel et al. 2001, Britzke et al. 2003, Carter 2006, 
Watrous et al. 2006). 
During autumn, male Indiana myotis selected roost trees that were less decayed, and in 
smaller canopy gaps than roost trees used during summer. In the mountains of western Virginia 
to the east of our study area, almost half of the roost trees used during autumn were shagbark 
hickory (Brack 2006). Although we documented no bats roosting in burned areas during autumn, 
Indiana myotis have been reported roosting in burned areas in Kentucky, although it is unclear if 
those bats roosted in fire-killed trees (Gumbert 2001). In that study, summer and autumn roost 
areas also were similar in terms of canopy gap, aspect, slope, and distance to water. We found 
that most differences in site characteristics, including slope and distance to water likely were 
attributable to differences between the Petit Farm and FEF rather than selection per se, as the 
majority of autumn roost trees were located in or near the FEF and the majority of summer roost 
trees were located at the Petit Farm.  Also, fire intensity and forest harvesting (basal area 
removal) at the Petit Farm were greater than at FEF. Compared to autumn roost trees, the larger 
canopy gaps at summer roost trees were due to more summer roosts being located in burned 
areas. The seasonal differences in the canopy gap sizes and consequent increased amounts of 





when insect availability may be unstable, male Indiana myotis may select relatively shaded, 
cooler roosts that allow them to conserve energy by lowering their body temperature near 
ambient air temperatures to a state of torpor (Henshaw and Folk 1966). Conversely, during 
summer, insect availability may be more consistent, allowing male Indiana myotis to maintain a 
higher body temperature during the day by selecting warm trees in canopy gaps on favorable 
aspects. Female Indiana myotis maternity colonies typically select roost trees with high solar 
exposure, presumably to facilitate juvenile growth rates (Callahan et al. 1997). Consequently, 
burning may have a more beneficial impact on summer roosting conditions for both sexes. 
We believe that our observations suggest that efforts to manage forests with prescribed 
fire to enhance oak regeneration appear to be compatible with Indiana myotis habitat 
management. The immediate effects of forest fires are minimal in terms of disturbance to bats 
roosting in trees within a burned stand, but may affect species, e.g., eastern red bats, that roost in 
forest leaf litter (Rodrigue et al. 2001, Dickinson et al. 2009). The short-term (<10 years) effects 
of forest fires include the increase in roost tree abundance resulting in more trees with exfoliating 
bark and favorable conditions such as enlarged canopy gaps at trees that may have been 
previously unsuitable for Indiana myotis. Relative to bat-roosting habitat, the effects of fire on 
upland hardwood forest stands perhaps are functionally similar to the disturbance impacts 
following flood damage and mortality in bottomland and riparian forests, as many trees are killed 
and become suitable snags for roosts, with surrounding senescent trees and canopy gaps (Kurta 
et al. 1996, Carter 2006). In the Midwest, for example, Indiana myotis maternity colonies often 
use snags within floodplains or in ponds created by beavers (Castor canadensis). Forest fires in 
upland stands mimic floods in systems dominated by hydric disturbance and their effects on 





However, floods may be more spatially extensive, providing a more abundant source of snag 
resources than forest fires, which may be more rarefied over the montane landscape where our 
study occurred. Although it is unknown if there is a minimum density of roost trees required for 
Indiana myotis occupancy of an area, our roost-switching data and that of others indicate that 
there usually are a sufficient number of roost trees in burned and unburned stands (Menzel et al. 
2001, Gumbert et al. 2002, Kurta et al. 2002, Britzke et al. 2006). Fire-killed trees may be 
suitable Indiana myotis roosts for few to many years. Nonetheless, the ephemerality of these 
roost trees remains to be quantified, depending on species and site conditions, i.e., susceptibility 
to windthrow. Our results indicate that Indiana myotis do respond to the effects of fire on forest 
stands, roosting in fire-killed trees 1–3 years post-fire, thus maximizing the utility of the newly-
created roost trees while they are suitable. Certainly, the exfoliating bark will gradually or 
quickly slough from the trees depending on species (Hallett et al. 2001), eventually rendering the 
tree unsuitable for Indiana myotis. Therefore, the intermediate- to longer-term benefits of fire are 
uncertain for Indiana myotis. A short-term increase in roost tree density was created by fire, but 
stand conditions may return to pre-fire densities in absence of additional disturbance as roost 
trees lose their bark and therefore much of their Indiana myotis roost-specific suitability. 
However, adjacent or nearby forest stands can be subjected to burning, or herbicide or girdling 
treatments to create additional roost trees in the short term. Systematic rotation of fire treatments 
among adjacent forest stands would maintain or even increase the density of roost trees for 
Indiana myotis populations at stand to landscape scales. By temporally staggering prescribed fire 
treatments among adjacent forest stands, potential roost trees could be maintained in an area for 
the foreseeable future (Rudolph and Conner 1996). In the long-term, canopy gap creation and 





forest that is beneficial to many other wildlife species (McShea and Healy 2002).  However, it is 
important to note that this will also aid in the regeneration and retention of hickories, a preferred 
roost tree genera of Indiana myotis (Brose et al. 1999, Nowacki and Abrams 2008). Because it 
will take several decades for shagbark hickories to reach roost tree size, burning adjacent stands 
on systematic rotation will create and retain snags and other large trees with exfoliating bark in 
the interim. Certainly, additional research is needed to fully assess the spatial and temporal 
dynamics of snags and burning in relation to Indiana myotis roosting habitat requirements 
relative to foreseeable management regimes in the central Appalachians and elsewhere.  
Although we observed no annual reuse of roost trees, Indiana myotis have been 
documented returning to roost trees within specific roost areas for several consecutive years 
(Gumbert et al. 2002, Kurta et al. 2002). The mechanisms behind the initial use of a roost tree 
remain unclear (Wilkinson 1992, Ruczyński et al. 2009), but our observations indicate that 
Indiana myotis likely were using trees in or near the areas impacted by fires prior to the 
disturbances, then roosting in fire-killed trees >1 year following forest fires. Indeed, Indiana 
myotis were roosting in trees at FEF in 2001, before prescribed fires occurred (Ford et al. 2002). 
Although we did not observe the same individuals for multiple years, the fact that Indiana myotis 
roosted in fire-killed trees in burned areas suggests that they selected these new roost trees over 
those used in previous years, i.e., roost selection took precedence over roost fidelity. Apparently, 
Indiana myotis maternity colonies rarely or infrequently occur in the local area despite continued 
extensive mist netting efforts and the presence of hibernacula in the area (Ford et al. 2005, 
Johnson et al. 2009). Therefore, although selection may take precedence over fidelity at a local 
scale, it may not translate to regional scales. This would require a substantial shift in the summer 





benefit local Indiana myotis populations that already occur in an area. If these changes do benefit 
Indiana myotis in terms of greater fitness, significant increases in the Indiana myotis population 
as a whole would occur only if prescribed fire treatments were expanded to include more of their 
geographic range, particularly the core population in the Midwest (Carter 2006). 
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Table 1. Indiana myotis roost tree use in forest stands that were and were not subjected to fire at the Fernow Experimental Forest 
(FEF) and Petit Farm in Tucker County, West Virginia, 2004–2009. 
Year Radio-tracked bats Tree species used Habitat alterations Comments 
  In burned area In unburned area   
2003 
– – – 
Petit Farm: escaped 
campfire burns through 
forest stand subjected to 
diameter-limit harvest 
– 
2004 Petit Farm: 1 female in summer A. rubrum (n = 1) – – At least 45 individuals using roost tree 
2005 Petit Farm: 4 males in summer A. rubrum (n = 8) 
A. saccharum (n = 
2) 
A. rubrum (n = 2)  
C. cordiformis (n = 1) 
Sassafras albidum (n = 
1)  
Quercus rubra (n = 1)  
Q. prinus (n = 1)  
Betula lenta (n = 1) 
– – 
2006 Petit Farm: 3 males in summer A. rubrum (n = 1) 
Undetermined (n 
= 1) 
A. saccharrum (n = 2)  
A. rubrum (n = 1) 
Betula lenta (n = 1) 
Q. rubra (n = 1) 
Robinia pseudoacacia 
(n = 1) 
Undetermined (n = 1) 
– – 
2007 FEF: 2 males in autumn 
– 
C. ovata (n = 4) 
Fagus grandifolia (n = 
2) 
Q. rubra (n = 2) 
Prunus serotina (n = 1)  
Liriodendron tulipifera 
(n = 1) 
FEF: all 3 compartments 







Table 1.  Continued. 
Year Radio-tracked bats Tree species used Habitat alterations Comments 
  In burned area In unburned area   
2008 FEF: 1 male in summer, 3 males in 
autumn 
– 
Summer roosts:  
C. glabra (n = 1) 
F. grandifolia (n = 1) 
A. rubrum (n = 1)  
Autumn roosts:  
C. ovata (n = 4) 
L. tulipifera (n = 1)  
A. saccharum (n = 1) 
Ulmus rubra (n = 1) 
FEF: compartment 45 
received prescribed fire 
treatment 
1 male in autumn roosted in 
A. saccharum in unburned 
area of Petit Farm 
2009 FEF: 2 males in summer A. rubrum (n = 4) 
– 
FEF: compartments 13 and 
21 received prescribed fire 
treatment 
1 roost tree in compartment 
13 






Table 2. Characteristics of roost trees used by Indiana myotis and randomly located trees 
subjected and not subjected to fire in Tucker County, West Virginia, 2004–2009.  Mann-Whitney 
and Fisher’s Exact tests were used to determine significance (P-value) differences between 
means. 
Comparison and variables Mean SE  Mean SE P-value 
Fire roost vs. fire random       
Fire roost (n = 17)    Fire random (n = 6)   
DBHR (cm) 40.72 2.47  26.63 4.85 0.020 
HEIGHT (m) 20.51 1.54  12.92 2.17 0.011 
DECAYN 3.60 0.29  2.21 0.42 0.032 
GAP (%) 32.77 5.43  11.43 0.71 0.008 
BASAL (m2/ha) 11.32 2.68  26.86 3.63 0.012 
SLOPE (%) 29.53 2.77  43.50 5.12 0.021 
ELEV (m) 837.82 11.06  680.17 26.26 <0.001 
Fire roost vs. non-fire roost       
Fire roost (n = 17)    Non-fire roost (n = 34)   
BARK (%) 64.25 6.73  76.79 5.31 0.029 
DBHN (cm) 25.21 1.48  30.79 1.54 0.019 
DECAYN 3.60 0.29  1.54 0.14 <0.001 
GAP (%) 32.77 5.43  14.63 3.10 0.002 
BASAL (m2/ha) 11.32 2.68  23.55 2.08 0.001 
WATER (m) 89.12 22.69  272.97 47.70 0.023 
Non-fire roost vs. non-fire random       
Non-fire roost (n = 34)    Non-fire random (n = 15)   
DECAYR 2.95 0.29  4.27 0.36 0.010 
BARK (%) 76.79 5.31  46.67 8.20 0.006 
GAP (%) 14.63 3.10  8.49 0.45 <0.001 





Comparison and variables Mean SE  Mean SE P-value 
ELEV (m) 812. 59 16.66  721.27 20.58 0.002 
       
Summer roosts vs. autumn roosts       
Summer roost (n = 34)    Autumn roost (n = 17)   
BARK (%) 68.59 4.80  80.41 8.11 0.014 
DBHN (cm) 26.72 1.28  33.20 2.18 0.026 
DECAYN 2.68 0.26  1.32 0.11 0.001 
GAP (%)     30.33 7.27  11.66 0.62 0.008 
BASAL (m2/ha) 15.68 2.58  24.34 2.15 0.021 
SLOPE (%) 26.59 2.15  42.00 4.88 0.006 

















Figure 1. Indiana myotis roost tree locations within burned and unburned areas on the Fernow 







 The role of forest disturbances in the context of landscape ecology and implications for 
forest dwelling bats is of significant importance and should be considered when developing land 
management strategies and conceptual frameworks for species conservation. My research 
provides insight into the roosting ecology of northern myotis and Indiana myotis following 
prescribed fire, a forest disturbance that potentially affects roost tree availability and 
distributions at local spatial and immediate temporal scales. My findings indicate that northern 
myotis, a forest-interior dwelling species presumed most sensitive of extant bat species in West 
Virginia to disturbance, at worst was neutral in its response to prescribed fire, but probably 
benefits from a temporary increase in snag availability and canopy gaps over roost trees. Indeed, 
prescribed fire caused overstory tree mortality, resulting in large canopy gaps that allowed 
increased solar exposure to reach roost trees and likely provided thermal benefits to northern 
myotis maternity colonies. Similar to northern myotis, Indiana myotis may have benefitted from 
both forest fires and prescribed fires, which created similar forest conditions from a physical 
structure and site perspective. Indiana myotis roosted in red and sugar maples that were fire-
killed, indicating that these bats recognized the increase in snag availability on the landscape and 
exploited those conditions in the near term. Forest fires likely create similar forest conditions to 
those in flooded riparian areas, where Indiana myotis roost in snags created through flooding.  
My research utilizing a graph theoretic approach to examining roost switching behavior 
indicates that social groups of northern myotis have established networks of roost trees, with few 
central node roost trees within those networks being more connected than others. Northern 
myotis form social groups that roost in networks of trees that center on a central node roost tree 
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that is selected based on surrounding basal area and decay stage. Forest disturbances such as 
prescribed fire may result in changes to roost networks through inputs in suitable roost trees by 
senescence and creation of forest canopy gaps. The role of forest disturbance in the social 
organization and roost networks of bat remains a compelling area of research going forward.   
Although northern myotis in my study formed social groups that restricted their roost 
areas to small watersheds, and these social groups were presumed family members based on the 
philopatric tendencies of this species, I found no consistent indication that bats among 
watersheds were genetically differentiable subpopulations. Moreover, using genotype data to 
model and sort individuals from presumed subpopulations into clusters indicated that these 
individuals were structured, but not based on spatial attributes. Lastly, due to the mating system 
of northern myotis where networks of mating sites are maintained and isolated forest patches can 
be exploited during summer, I find no evidence that indicated that forest disturbances such as 
prescribed fire disrupt gene flow among individuals. 
Prescribed fire apparently has no negative effect on the roosting ecology of cavity-
roosting bats, but it remains to be investigated how this type of forest disturbance affects foliage-
roosting bat species such as eastern red bats. In the broader context of forest habitat – wildlife 
relationships, prescribed fires will promote hard mast producing tree species, including oaks and 
hickories, thus benefitting a wide range of wildlife species.  
 
